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S U M M A R Y .
Suspensions o f  p u lv e r is e d  coal p a r t i c l e s  in  shock-heated  gases 
have been s tu d ie d  under co n d itio n s  o f  n o n - ig n itio n  to  h igh  in te n s i ty  
com bustion. In  o rd er to  study se p a ra te ly  th e  v a rio u s  s ta g e s  o f 
p a r t i c l e  combustion pyrom etric  methods o f  m easuring p a r t i c l e  
su rfa ce  tem peratu res have been developed. In  g en era l th re e  c la s s e s  
o f  p a r t i c l e  tem peratu re  h is to ry  have been ob ta in ed  acco rd ing  to  th e  
com position o f  t e s t  gas used .
In  shock-heated n itro g e n  coal p a r t i c l e s  heatod  to  gas tem pera tu re  
i n  tim es dependent on p a r t i c l e  s iz e  and t h e i r  m o istu re  c o n ten t. The 
in f lu e n c e  o f m o istu re  on h e a tin g  r a te s  was to  cause a  tem pera tu re  
a r r e s t  some 60 to  IQcPk below gas tem p era tu re . Gas to  p a r t i c l e  h e a t 
t r a n s f e r  c o e f f ic ie n ts  a re  deduced f o r  v a rio u s  coal s iz e s  between 15 
and 35^0.crons.
In  gas m ix tures w ith  low oxygen co n ce n tra tio n s , slow  o x id a tio n  
o f  th e  p a r t i c l e  s u r fa c e  was observed which le d  to  t h e i r  h e a tin g  to  a  
s teady  tem p era tu re  i n  excess o f  gas tem peratu re  by as much as 160°K*
At t h i s  p o in t , a  h e a t balance  was ach ieved  and no flam e occured.
With h ig h e r oxygen co n cen tra tio n s , o r i n i t i a l -' . ^ s  - *
no such steady  tem peratu re  was reached, th e  p a r t i c l e s  h e a tin g  a t  an 
ex p o n en tia lly  in c re a s in g  r a te  to  around I800°K a t  which tem p e ra tu re  
v o l a t i l e  ig n i t io n  occured and th e  p a r t ic le ,  suspension  ra p id ly  reached  
i t s  maximum tem peratu re  o f  arourid 2800°K. C a lcu la tio n  showed th a t  t h i s  
tem p e ra tu re  was reached  only  on com plete burnout o f th e  p a r t i c l e s .
<2
P a r t i c l e  h e a tin g  r a te s  up to  v o l a t i l e  ig n i t io n  were s tro n g ly  in f lu e n c e d
hy oxygen co n ce n tra tio n  and p a r t i c l e  s iz e  and ty p e  w hilst: a f t e r
v o l a t i l e  ig n i t io n  burnout was independent o f type  b u t dependent
on s iz e .  C onsequently, m athem atical an a ly ses  o f th e  r e s u l t s  were
based on ’chem ically  c o n tro l le d ’ h e a t re le a s e  r a te s  below p a r t i c l e
o ^tem peratu res o f 1800 K and ’d ifu s io n a l  c o n tro l le d ’ r a t e s  above.
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INTRODUCTION.
1 .1 .  A spects <pn h e a tin g  p a r t i c l e s  i n  a  shock-tube.
1 .1 .1 .  P rev ious work w ith  shock-tubes.
The a p p lic a tio n , o f  shookr«waves to  th e  h e a tin g  o f p a r t i c l e s
and gas suspensions and fo llo w in g  th e  subsequent re a c tio n s  has been
r e la t iv e ly  unexplored  i n  th e  p a s t  and t h i s  i s  p a r t ly  a  r e f l e c t io n  on
th e  experim en tal d i f f i c u l ty  ©f g en e ra tin g  a  s tab le*  uniform  suspension
in  th e  tu b e  p r io r  to  f i r i n g .  Hence th e  study o f homogeneous gas
re a c tio n s  behind  shock waves has claim ed most a t te n t io n  i n  th e  p a s t  15
y e a rs , What work has been done on p a r t i c u la te  system s can be c3.assif:led
in to  ca teg o rie s*  one i n  which th e  p a r t io le s  d id  n o t i n t e r a c t  chem ically
and th e  o th e r  i n  which th e  chem istry  o f  th e  s o l id /g a s  in te r a c t io n s  was
fo llow ed . The f i r s t  category  in c lu d e s  work on p a r t i c l e  ev ap o ra tio n
r a te s ,  e x c i ta t io n  o f  emission, sp e c tra , deform ation o f  and drag
c o e f f ic ie n ts  f o r  sm all p a r t i c l e s .  R ates o f  p a r t i c l e  ev ap o ra tio n  have
R EF.l.
been measured by F a lk  on submicron p la tinum  p a r t i c l e s  produced by
e l e c t r i c a l l y  exp lod ing  a f in e  w ire o f  t h a t  m a te r ia l .  P a r t i c le  ev ap o ra tio n
REF. 2 . REF. 5 .
r a te s  have a lso  been s tu d ie d  by N e ttle to n , and N ich o lls  and cow orkers.
N e t t le to n 's  method f o r  d isp e rs in g  h is  p a r tiG le s  o f f in e  po tassium
su lp h a te  powder c o n s is te d  o f  suspending them acro ss  th e  tube
on a f in e  p l a s t i c  membrane, e s s e n t ia l ly  a  s im ila r  method to  t h a t
\ \
employed p rev io u s ly  by N ich o lls  on iro n  sp h eres . The h o t gas flow
REF.4«
behind a shock wave was a lso  used by N ic h o lls , Park inson and Reeves
to  e x c ite  em ission s p e c tra  from many powdered s o lid s  o f i n t e r e s t
to  a s t r o p h y s ic is ts ,  th e  p l a s t i c  membrane techn ique  again  being
used . The deform ation and d rag  c o e f f ic ie n ts  o f p a r t i c l e s  have
REP.5, RHP. 6 ,
v a r io u s ly  been measured by S e lb erg  e t  a l i a ,  Rabin e t  a l i a ,
REF.7 , REF.8 , REF.9 .
Rudinger, Crowe e t  a l i a ,  and Hanson, Domich and Mams. The
v a rio u s  techn iques fo r  d isp e rs in g  th e  p a r t i c le s  in c lu d e  dropping
them in  e i th e r  a  v e r t i c a l  o r h o r iz o n ta l tu b e , fo r  la rg e  p a r t i c l e s
mounting them on s t in g s ,  and th e  e leg a n t method o f  Domich and
co-w orkers o f  suspending p a r t i c l e s  in  f r e e  stream  w ith  u l t r a s o n ic
waves.
Turning to  th e  work on heterogeneous combustion s tu d ie s  in  
REPS. 10, 11,
shock tubes, M ullaney, in  1958? appears to  have been th e  f i r s t
person  to  use t h i s  experim ental method. He in je c te d  l iq u id
hydrocarbons in to  th e  h o t s lu g  o f gas behind a  r e f le c te d  shock
wave and measured ev ap o ra tio n  r a te s  and ig n i t io n  delay  tim es. 
REP.12,
S im ila r ly , Sato ig n i te d  sm all d ro p le ts  in  a  shock hea ted  gas.
D etonation  i n i t i a t i o n  and p ropogation  in  a  shock tube
co n ta in in g  l iq u id  fu e l  sp rays d isp e rse d  in  a i r  has been 
REF. 13 REP. 14.
re p o rte d  by Dabora and co-workers and a lso  Cramer. F u rth e r
combustion s tu d ie s  have been concerned w ith  the  behaviour o f
ro c k e t p ro p e lla n ts  and ex p lo siv es  su b jec ted  to  th e  ra p id
REPS. 15 to  20.
h e a tin g  produced by a shocked gas.
The v a s t  m a jo rity  o f  shock tube  s tu d ie s  h as, however,
been confined  to  homogeneous gas phase re a c t io n s , th e  w ealth
REP. 21
o f  l i t e r a t u r e  on which i s  reviewed by S trehlow  from 1963 to  67
REP. 22
and by Greena and Toennies p r io r  to  1963*
1 .1 . 2. SHOCK TUBE OPERATION.
In  o rd e r to  a ss e ss  th e  p o te n t ia l  of a shock tube  as a
technique f o r  h e a tin g  gases by means o f which s o lid /g a s  re a c tio n s
a re  to  be s tu d ie d , an o u tl in e  o f th e  th eo ry  o f o p e ra tio n  w il l  be
given and comparisons drawn w ith  o th e r  experim ental techn iques
o f combustion ch em istry . For a f u l l e r  account o f  th e  physics
o f shock waves, re fe re n c e  should be made to  th e  te x ts  o f
REF. 23, REF. 24, REF. 25, REF. 22.
Z e l’dovich and R ainer, Gaydon, B radley o r Greene and Toennies.
A shock tube , in  i t s  s im p le s t form, coned.sts o f  a. long  
tube c lo sed  a t  bo th  ends and d iv ided  p e rp en d icu la r to  i t s  
le n g th  by a  th in  diaphragm. The two se c tio n s  a re  termed 
d r iv e r  and d riven  se c tio n s  and norm ally th e  r a t i o  o f len g th s  
i s  determ ined by th e  maximum driven  le n g th  which can be 
to le ra te d  b e fo re  shock wave v e lo c ity  a tte n u a te s  ap p rec iab ly .
In  t h i s  way, th e  maximum p e rio d  o f  h o t gas co n d itio n  i s  achieved* 
A d r iv e r  gas a t  p re ssu re  i s  allow ed to  expand ra p id ly  in to  a  
low er p re ssu re  t e s t  gas in  th e  d riven  s e c tio n  by ra p id  
removal o f  th e  diaphragm. P rov id ing  s u f f ic ie n t  energy i s  
a v a ila b le  i n  th e  expanding d r iv e r  gas, a shock wave w il l  be 
formed a t  th e  head o f  th e  expanding gas p lu g  and w il l  
p ropagate  in to  th e  t e s t  gas a t  a v e lo c i ty  f a s t e r  than  sound 
in  th e  u n tre a te d  t e s t  g a s . E s s e n tia l ly , a shock wave i s  a  
d is c o n t in u ity  i n  gas p ro p e r t ie s ,  th e  shocked gases ex p erien c in g  
an alm ost in s tan tan eo u s  r i s e  i n  tem pera tu re , p re s su re , d e n s ity
6
and v e lo c i ty .  A f a r th e r  r i s e  in  tem perature* p re ssu re  and 
d e n sity  occurs when th e  shock wave r e f l e c t s  from th e  end cap 
back th rough  th e  t r e a te d  gas. I t  a lso  ren d ers  th e  gas 
s ta t io n a r y .  The p ro p e r t ie s  o f  th e  gas now s ta y  co n stan t f o r  a 
p e rio d  o f tim e u n t i l  f u r th e r  waves p ropagate  through th e  h o t gas 
s lu g  which i s  now compressed in  a  sh o rt s e c tio n  a t  th e  end o f  th e  
d riven  p a r t  o f th e  tu b e . I t  has been th e  custom o f p rev ious 
workers to  use both  prim ary and r e f le c te d  shock wave heated  
gases fo r  experim ental s tu d y .
Sim ultaneous w ith th e  form ation  of th e  prim ary shock wave, 
a r a r e fa c t io n  re g io n  o r fan  t r a v e l s  in to  bo th  th e  d r iv e r  and 
d riv en  s e c t io n s . I t  i s  t h i s  wave which u l t im a te ly  quenches th e  
h o t s lu g  o f gas a t  th e  end o f  th e  d riv en  s e c tio n . The a c tio n  o f 
a shock tube  i s  b e s t  i l l u s t r a t e d  on a t im e /d is ta n c e  diagram 
shoving the  r e l a t iv e  p o s it io n s  o f th e  v a rio u s  waves w ith 
re sp e c t to  tim e. FIGURE 1 .1 . i s  such a diagram. To make use 
o f th e  r e f le c te d  shock wave h eated  gas fo r  th e  maximum 
le n g th  o f tim e, one must obviously  s i t e  th e  m easuring s ta t io n  
c lo se  to  th e  shock r e f l e c t in g  fa c e . In  t h i s  p o s i t io n , boundary 
la y e r  growth i s  minimised and sev e ra l m illiseco n d s  o f c o n stan t 
gas co n d itio n s  a re  a v a ila b le , k  ty p ic a l  s e t  of gas p re s su re , 
tem perature  and d en sity  h i s to r i e s  a re  shown in  FIGURE 1 .2  f o r  
a. m easuring s ta t io n  c lo se  to  th e  ref3e c t in g  fa c e , such as 
p o s it io n  A i n  FIGURE 1 .1 .
D epartu res from th i s  id e a l  p ic tu re  in c lu d e  waves produced 
by th e  in te r a c t io n  o f th e  r e f le c te d  shock wave w ith  th e  
co n tac t su rfa ce  between th e  in c id e n t shock h eated  gas and the  
d r iv e r  g as. The in te r a c t io n s  can e i t h e r  be f u r th e r  shock o r
TI
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ra re fac tio n -w av es  and th e se  t r a v e l  back in to  th e  r e f le c te d  shock
hea ted  gas e f f e c t iv e ly  red u c in g  th e  p e rio d  o f c o n s ta n t gas
co n d itio n s  as shown in  FIGURE 1*1. a) and b ) .  Between
producing  e i th e r  a  shock o r  r a r e f a c t io n  in te r a c t io n  va.th th e  
c o n tac t su rfa ce  th e re  e x is t s  th e  ’ta ilo re d *  s t a t e  where n e i th e r  
in te r a c t io n  i s  formed. For a  g iven  type o f  d r iv e r  and d riven  
gas ’ta i lo r in g *  i s  p o s s ib le  f o r  only one shock speed and hence 
one s e t  o f r e f le c te d  shock gas c o n d itio n s . For a i r  i t  i s  a 
r e f le c te d  shock gas tem peratu re  o f 1600°K. In  p ra c t ic e ,  th e  
consequences o f  u s in g  ’n o n -ta ilo red *  co n d itio n s  may be to le r a b le  
when u s in g  n itro g e n  o r oxygen, th e  two gases to  be used fo r  th e  
m a jo rity  o f th e  p re sen t experim ents. For in s ta n c e , a t  
tem peratu res  between 600 and 1400°K c o n sta n t gas c o n d itio n s , as 
deduced from p re ssu re  measurements , were m ain tained  to  w ith in
+ lOfo u n t i l  th e  a r r iv a l  o f th e  r a r e f a c t io n  wave.
REP. 26
I t  i s  g e n e ra lly  accep ted  th a t  c a lc u la te d  shock hea ted  gas
p ro p e r t ie s ,  based on th e  assum ption o f  r o ta t io n a l ,  v ib ra t io n a l
and chemical eq u ilib riu m , a re  o f  s u f f i c i e n t  accuracy to  ren d e r
t h e i r  measurement unnecessary . V ib ra tio n a l and ro ta t io n a l  re la x a t io n
tim es f o r  oxygen and n itro g e n  a re  s u f f ic ie n t ly  f a s t ,  le s s  th an  
REP. 27
0 .1  ms. to  be considered  in s tan tan eo u s  in  comparison w ith 
re a c t io n  tim es o f m illise c o n d s . Thus th e  eq u ilib riu m  p ro p e r t ie s  
o f th e  in c id e n t and r e f le c te d  shock h ea ted  gases were c a lc u la te d  
in  th e  u su a l fa sh io n  from th e  Rankine/Hugoniot co n serv a tio n  
equations assuming v ib ra t io n a l  and r o ta t io n a l  e q u ilib riu m . The 
d e r iv a tio n  and so lu tio n  o f th e se  equations i s  adequately  covered
\1
REPS. 22 to  25. 
i n  s e v e ra l publdc a tio n s  on shock tube  p h y s ic s . Previous
workers a t  th e  a u th o r’s la b o ra to r ie s  have programmed th e
equations f o r  computer so lu tio n  and th e  r e s u l t s  to  be used a re
reproduced in  FIGURES 1*3 to  1«7» These show th e  p ro p e r tie s
o f  th e  shock hea ted  gas as a  fu n c tio n  o f th e  ex p erim en ta lly
determ ined p ro p e rty , th e  prim ary shock v e lo c i ty .
1 .1 . 3. ADVANTAGES AND DISADVANTAGES OF S5GCK TUBES.
The problems a sso c ia te d  with in tro d u c in g  p u lv e rise d  coal
p a r t i c le s  in to  r e f le c te d  shock h eated  gases a re  d e a l t  w ith  in
S ec tio n  2. The m e rits  o f s tudy ing  such a system w il l  f i r s t  be
e s ta b lis h e d . F i r s t l y ,  th e  a v a ila b le  o b se rv a tio n  tim e i s  o f
th e  o rd er o f 3 m illise c o n d s , so p a r t i c l e  combustion re a c tio n s
must be very  ra p id  in  o rd er to  be accom plished in  t h i s  space o f
tim e. T o p ica lly , 50 micron p a r t i c le s  burn ing  in  a i r ,  a t
atm ospheric p re s su re , ta k e  ten s  o f m illiseco n d s  f o r  complete
combustion and lo n g er than  100 m illiseco n d s  i s  re q u ire d  fo r
p a r t i c le s  over 100 m icron. So, to  bum  p a r t i c le s  in  shock
h ea ted  gases, oxygen en riched  gas m ix tures and high, i n i t i a l
tem peratu res  have to  be employed and the  r e s u l ta n t  combustion
i s  o f h igh  in te n s i ty .  A lte rn a tiv e  methods o f  s tu d y in g  h igh
in te n s i ty  coal powder combustion seem to  be l im ite d  to  th e
use o f sm all sca le  combustion chambers run w ith oxygen
REFS. 28, 29.
en rich ed , p reh eated  a i r  a t  p re s su re . Compared w ith  th i s  ty p e  
o f  r ig ,  th e  shock tube  method o f fe rs  a  number o f im portan t 
advan tagess-
(1) Small q u a n ti t ie s  o f s iz e d  coal sample, norm ally 0 .2 g 
only, a re  re q u ire d  fo r  each experim en tal ru n .
IB
24
00
PRESSURE RATIO
ounr s
01
LU
o
DC
o-
O
CO
o
o
ooCM
oooo
>lol
R S / G . H . L T D  ( C O N )  ( 4 . 6 . 6 9 )  R L  4 .3.  M 5 1
FI
G.
 
1.3 
SH
OC
K-
HE
AT
ED
 
GA
S 
PR
OP
ER
TI
ES
 
FO
R 
HE
LI
UM
 
DR
IV
IN
G 
OX
YG
EN
30
00
r'J
LO
CL
LO
OOrsoro
LT>
un
r>{
Q O
O O 
-I Z
ooo
oo
00
oo
E
E
>-’
!z
uo_j
ID
>
U
oXto
>-oc
<
z:
DC
Q.
>iol
.S o
R S / G . H . L T D  ( C O N ) ( 4 . 6 . 6 9 )  R L  4 3.1 152
FI
G.
 
1.4 
SH
OC
K-
HE
AT
ED
 
GA
S 
PR
OP
ER
TI
ES
 
FO
R 
HE
LI
UM
 
DR
IV
IN
G 
AI
R
PRESSURE RATIO
oor so
Q O rsin
o a
o
r'J
oo
o
o
ooo
o
oooo
oooo
u<Dl/l
n
E
E
Uo
UJ
>
u
oXLO
>-cc
<z
X
CL
fN
» o l
R S / G . H . L T D  ( C 0 N ) ( 4  6 6 9 )  RL  4 3 1153
FI
G.
 
1.5
 
SH
OC
K-
HE
AT
ED
 
GA
S 
PR
OP
ER
TI
ES
 
FO
R 
HE
LI
UM
 
DR
IV
IN
G 
AR
GO
N
20
00
PRESSURE RATIO
LO
r-J
o
rs
o
cs
o
CO
CD
O
U<Dts>
n
E
E
>-|-  
U O _J 
LU 
>
uo
X1/1
<
2:
cd
CL
ooo
CD
orN
o
CDco
CD
CDrr
Mol
3 2 RS G. H L T D  ( C O N )  ( 4 . 6  69 )  R L  4 3 I I 54
FI
G.
 
1.6 
SH
OC
K-
HE
AT
ED
 
GA
S 
PR
OP
ER
TI
ES
 
FO
R 
HE
LI
UM
 
DR
IV
IN
G 
NI
TR
OG
EN
24
00
PRESSURE RATIO
lhrs ol~N» LO LO
OOo oooo
oo
ro
— uQJ
V)
a.
E
E
f—
— u
O_l
LLI
>
uo~  X
—  co
>-cc
<
cc
CL
o-
o'
oo
o
r~~
o ’
» o l
5 3
RS G H L T D  ( C O N )  (4 6 6 9 )  R L  4 3 I I  55
FI
G.
 
1.7 
SH
OC
K-
HE
AT
ED
 
GA
S 
PR
OP
ER
TI
ES
 
FO
R 
HE
LI
UM
 
DR
IV
IN
G 
O^
N,
 
50
T 
: 5
0~ 
BY 
VO
LU
M
E
(2) The tu rn  round tim e between each run  i s  about 15 m inutes.
(5) R ad ia tin g  enclosure  w a lls  a re  ab sen t. Thus th e  s i t i n g  o f
photom etric  devices in  a h o t environment i s  avoided and 
th e  th e o r e t ic a l  tra n s fo rm a tio n  o f r a d ia t io n  in te n s i ty  to  
tem peratu re  i s  much s im p lif ie d .
(4) There i s  a  g re a te r  f l e x i b i l i t y  in  th e  t e s t  gas com position,
tem peratu re  and pc essu re  which can be used, combined w ith  
a  p re c is e  knowledge o f th e  i n i t i a l  s t a r t in g  co n d itio n s .
The d isadvan tages o f  th e  shock tube method a re s -
(1) S o lid  and gas sam pling fo r  a n a ly s is  i s  extrem ely d i f f i c u l t  
owing to  th e  t r a n s ie n t  n a tu re  o f th e  experim ent.
(2) Uniform suspensions o f  p a r t i c l e s  la r g e r  than  about 
40  m icron a re  d i f f i c u l t  to  ach iev e .
The fa c to r s  l i s t e d  in d ic a te  th a t  th e  shock tu b e  should 
p rovide a  u s e fu l f a c i l i t y  f o r  s tu d y in g  th e  combustion o f  
p u lv e rise d  coal p a r t i c l e s  in  h igh  in te n s i ty  c o n d itio n s . I t  
cannot, however* be expected to  reproduce th e  co n d itio n s  o f  
conventional combustors working w ith a i r  a t  a tm ospheric 
pressure-, b u t a# th e  same tim e, provided  th e  p h y sica l and 
chem ical p ro cesses  c o n tro l l in g  combustion do n o t a l t e r ,  a 
u s e fu l  e x tra p o la t io n  o f  th e  r e s u l t s  to  cover such reg ions may 
be f e a s ib le .
The u sual method o f a sse ss in g  th e  k in e t ic s  o f coal 
p a r t i c l e  combustion i s  by s o l id  and gas analyses a t  v a rio u s
re s id en ce  tim es i n  th e  flam e, wnich may he f r e e  burn ing  in
a i r  o r enclosed  in  an in s u la te d  en c lo su re . This a n a ly s is
i s  n o t f e a s ib le  to  do i n  a. shock tu b e , so i t  was decided to
fo llo w  th e  burnout p ro cess  by reco rd in g  ra d ia t io n  in te n s i ty
h i s to r i e s  and to  p u t th e se  on a q u a n ti ta t iv e  b a s is  by
in te r p r e t in g  them in  term s o f  p a r t i c l e  tem peratu re  h i s to r i e s .
Very r a re ly  has p a r t i c l e  tem peratu re  been measured
exp erim en ta lly  during  combustion o f p a r t i c l e  clouds and
i t s  v a lu e  has u s u a lly  been c a lc u la te d  in d i r e c t ly  from
measurements on degree o f  burnout and gas tem peratu re
measurements. Such measurements o f p a r t i c l e  tem perature  th a t
have been made were in  most cases in  co n d itio n s  removed from
th o se  p re se n t in  p u lv e rise d  fu e l  flam es. For in s ta n c e , e i th e r
REFS. JO, 31, 52 
la rg e  p a r t i c l e s ,  g re a te r  than  150 m icrons, o r  very  d i lu te
suspensions were employed. In  th e  absence o f p a r t i c l e
tem peratu re  measurements, a k in e t ic  a n a ly s is  o f  combustion w il l
in e v ita b ly  be le s s  sound, s in ce  burn ing  r a te s  in  th e  C hem ical
con tro l*  re g io n  a re  h ig h ly  dependent on p a r t i c l e  tem p era tu re .
The same i s  t ru e  to  a l e s s e r  e x te n t under ‘d if fu s io n  con tro l*
k in e t ic s  where i t  i s  customary to  use  th e  mean o f  gas and
p a r t i c l e  tem p era tu re . Hence one o f the  most im portan t
p ro p e r tie s  o f a  burn ing  p a r t ic u la te  system to  be measured i s
th e  p a r t i c l e  tem peratu re  and i t s  v a r ia t io n  w ith tim e .
1 .1 . 4 . THEORY OF PYROMETRIC METHODS OF PiiRTICLE
THCPERATURE MEASUREMENTS.________________
The measurement o f flam e tem peratu res  has in  th e  p a s t  been
based alm ost e n t i r e ly  on rad ian ce  measurements. R ad ia tio n  methods
of tem perature  measurement can be c a te g o rise d  in  a  number o f ways.
For gases r a d ia t in g  s e le c t iv e ly  in  s p e c tra l  l in e s  o r bands,
in te n s i ty  d is t r ib u t io n s  give r i s e  to  e le c tro n ic ,  v ib ra t io n a l
and r o ta t io n a l  ’tem peratures* fo r  th ese  p a r t ic u la r  energy modes.
Such techn iques a re  p a r t ic u la r ly  u se fu l f o r  th e  study o f energy
d is t r ib u t io n s  where one mode i s  n o t in  eq u ilib riu m  w ith the
REFS. 55, 56
o th e rs . For example, Gaydon e t  a l i a  have shown th a t  sodium 
D -line  e x c i ta t io n  in  shock h ea ted  n itro g e n  fo llow s th e  
e f f e c t iv e  V ib ra tio n a l tem p era tu re  r a th e r  than  th e  t r a n s la t io n a l  
tem peratu re  o f th e  n itro g e n . For h ig h  e m iss iv ity  flam es, 
co n ta in in g  s o l id  e m itte rs , rad ian ce  methods depend on th e  
Planck d is t r ib u t io n  and K irchhoff ra d ia t io n  law s. P lan ck ’s Law 
r e la te s  th e  em ittance o f a  t o t a l  r a d ia to r ,  o r b lack  body, to  
th e  w avelength, X  » o f th e  r a d ia t io n  and to  th e  tem pera tu re ,
T, o f th e  b lack  body. I t  may be w r it te n  ass~
i(X,T) *
I(XJ) i s  th e  em ittance p e r u n i t  tim e p er u n i t  wavelength 
i n t e r v a l .  A i s  a  co n stan t depending on the  f i r s t  r a d ia t io n  
c o n s ta n t, th e  a rea  observed and th e  geom etric re la t io n s h ip  
between e m itte r  and re c e iv e r .  For XT products le s s  than
_  &
D “ O TurmtCthe Wien approxim ation i s  accu ra te  to  b e t te r
I f ,  as in  p r a c t ic e ,  a  body i s  n o t ’black* i t s  em ittance 
i s  below th e  maximum le v e l  given by (1 .1 ) . K irch h o ff’s Law 
r e la t e s  th e  em ittance  o f any r a d ia to r  w ith  th a t  o f a b lack  
body a t  the  same tem perature  .and w avelengths-10^  = e^ 'T> ....M
where r e f e r s  to  th e  em ittanoe of th e  flam e a t
wavelength X  and tem peratu re  T, w hile i s  the flam e
e m is s iv ity . Combining (1 .1 )  and (1 .2 )  g ives the  em ittance 
o f a r a d ia to r  as a fu n c tio n  o f i t s  e m is s iv ity , tem perature  
and w avelength o f r a d ia t io n s -
I'(XT)f € p{X ;n.A .X SiL v . . . . . . . .
P u lv e rise d  fu e l ,  burn ing  i n  shock hea ted  gases produces a 
high e m iss iv ity  flam e, and t h i s ,  c h a r a c te r i s t i c  o f a l l  p r a c t ic a l  
p u lv e rise d  fu e l  flam es, i s  due p rim a rily  to  th e  presence i n  th e  
flam e o f  h ig h ly  e f f i c i e n t  r a d ia to r s  such as s o o t, coke and ash 
p a r t i c l e s .  The p r a c t ic a l  problem, i f  eq u ation  (1 .3 )  i s  to  be 
used  to  r e l a t e  r a d ia t io n  in te n s i ty  w ith  flam e tem p era tu re , l i e s  in  
knowing th e  e m is s iv ity , A c e r ta in  amount o f  c a re  has
to  be e x e rc ise d  when d e fin in g  e m iss iv ity  s in c e  i t s  value may be 
a  fu n c tio n  o f  wavelength and angle o f view. With monochromatic 
r a d ia t io n ,  as im plied  by P lanck’s Law, th e  term  sp e c tra l  e m is s iv ity  
i s  used . With n o n -d iffu se  su rface  e m itte rs  and a lso  volume 
e m itte rs , th e  e m is s iv iiy , a t  co n stan t tem peratu re  and 
w avelength, may vary  from p o in t to  p o in t over th e  e m ittin g  
su rfa c e . The average v a lu e  tak en  over th e  whole su rface  i s  
term ed th e  t o t a l  e m is s iv ity  and may be d i f f e r e n t  from the  
e m is s iv ity  a s so c ia te d  w ith  a p e n c il o f  r a d ia t io n  normal to  any
s '?
p o in t on th e  ra d ia to r*  The p re sen t shock tu b e  experim ents w il l  
always be a s p e c tr a l  em iss iv ity  normal in th e  p o in t o f observation*
A cloud o f  coal p a r t i c l e s  h e a tin g  in  a shock h eated  gas i s  
a volume e m itte r , th e  e m iss iv iiy  o f which w il l  depend on p a r t i c l e  
d e n s ity , o p t ic a l  p a th  le n g th  and th e  em iss iv ity  of th e  
in d iv id u a l p a r t i c l e s  and g ases . Under p e r f e c t  s t a t i c  c o n d itio n s , 
p a r t i c l e  d e n s ity  should  be co n stan t behind  the  r e f le c te d  shock 
wave. I t  i s  le s s  c e r ta in ,  however, th a t  p a r t i c l e  e m is s iv ity  
rem ains co n stan t w ith  tim e s in ce  d e v o la t i l i s a t io n  and burnout 
p rocesses must e v en tu a lly  a l t e r  th e  su rfa ce  c h a r a c te r i s t ic s  of
REF.37
th e  p a r t i c l e s .  Unheated p u lv e rise d  fu e l has a h igh
REF. 38
e m is s iv ity , g re a te r  th an  0 .9  in  th e  v is ib le  reg io n  and can
th e re fo re  be considered  b la ck . When com pletely b u rn t to  ash ,
REF. 38
th e  e m is s iv ity  can s t i l l  be f a i r l y  h ig h , 0 .5  i s  a g enera l 
v a lu e . The measurements desc rib ed  in  S ec tions 4 and 5 r e l a t e
v-7 •
to  p a r t i c l e s  h e a tin g  in  i n e r t  gases where no combustion ta k e s  
p la c e , h o t gas r a d ia t io n  i s  a  minimum and p a r t i c l e s  s u f fe r  
only a minor change in  p h y s ica l s t r u c tu r e .  For p a r t i c l e s  
burn ing  in  o x id is in g  atm ospheres only th e  i n i t i a l  s ta g e s  
o f combustion a re  analysed  fo r  p a r t i c l e  su rfa ce  tem p era tu res .
Under p roper experim ental c o n d itio n s , the  e m is s iv ity  o f a 
volume e m itte r  can be equated to  i t s  a b s o rp tiv i ty . The eq u a lity  
holds, p rovided  th e  fo llo w in g  co n d itio n s  a re  obeyed. The 
p a r t i c le s  c o n s t i tu t in g  th e  cloud should n o t ap p rec iab ly  
s c a t t e r  r a d ia t io n  by d i f f r a c t io n  or r e f le c t io n  and th e  o p tic a l
p a th  le n g th s  and view ing a reas  f o r  ab so rp tio n  and em ission 
measurements should  be th e  same* This re q u ire s  th a t  a l l  
o p tic a l  p a th  len g th s  o f  th e  volume elem ent under view are  
th e  same in  r e l a t io n  to  th e  d e te c to r .  Only in  th e  case o f  a  
d e te c to r  a t  th e  base m id-po in t o f  a hem ispherica l e m itte r  i s  
th i s  requirem ent f u l l y  met. For th e  shock tu b e , which i s  a  
c y l in d r ic a l  volume e m itte r , th e  c o n d itio n  i s  met by c o llim a tin g  
th e  r a d ia t io n  f a l l i n g  on th e  d e te c to r  in to  an alm ost p a r a l le l  
beam, FIGURE The maximum d e v ia tio n  in  o p t ic a l  pa th
le n g th  i s  th en  + 1 . 5$  o f  th e  pa th  le n g th  normal to  th e  
d e te c to r .  In  abso rp tion  i t  i s  s u f f ic ie n t  to  ensure th a t  th e  
source l i g h t  beam i s  rendered  p a r a l l e l  by a le n s  arrangem ent, 
th e  co llim a ii ng s e t  up d esc rib ed  f o r  em ission measurements 
rem aining th e  same.
The s c a t te r in g  in f lu e n c e  o f  p u lv e rise d  fu e l by d i f f r a c t io n  
becomes ap p rec iab le  when th e  p a r t i c l e  s iz e  approaches th e  
w avelength o f  r a d ia t io n .  The sm a lle s t p a r t i c l e s ,  1J m icron, 
a re  about f iv e  tim es la r g e r  than  th e  lo n g e s t w avelengths used , 
5*5 micrors, so i t  i s  p o s s ib le  t h a t  under th e  w orst co n d itio n  
r a d ia t io n  s c a t te r in g  may have a minor in f lu e n c e  on th e  
measured a b s o rp t iv i ty . The r e f l e c t i v i t y  o f  p u lv e rise d  coal i s  
l ik e ly  to  be low due to  i t s  h igh  e m is s iv ity . I t  would appear, 
th e re fo re , th a t  th e  experim ental c o n d itio n s  fo r  eq u atin g  
a b s o rp tiv i ty  w ith em iss iv ity  a re  likeL y  to  be met in  th e  shock 
tube and measurements o f a b s o rp tiv ity  a re  l a t e r  described  in  
S ec tio n  3 *
I n i t i a l l y  an a l te r n a t iv e  tem peratu re  m easuring method was 
cond idsred , th a t  o f two co lou r pyrom etry. By assuming th a t  th e
e m iss iv ity  r a t i o  a t  tiro w avelengths i s  co n stan t, ab so lu te  
d e te rm in a tio n s  o f  e m iss iv ity  a re  s id e  stepped .
Prom eq u atio n  (1 .3 )  we d e riv e  th e  ex p re ss io n s-
*  B . M. — X>'  . . . . (UVy)
In  th e  absence o f  any q u a n t i ta t iv e  knowledge o f th e  system 
e m is s iv ity , th e  two w avelength method o f tem peratu re  
d e te rm in a tio n , equation  (1 . 4 ) i s  th e  p re fe r re d  techn ique.
Where em iss iv ity  i s  co n stan t and m easurable, th e  experim ental 
s im p lic ity  and s e n s i t iv i ty  o f  th e  s in g le  wavelength method, 
eq u atio n  (1 . 3 )* recommends i t s e l f .  (Ehe l a t t e r  techn ique  was 
th e re fo re  adopted in  the  p re se n t work.
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A P P E N D I X  2 .1 .
SECTION 2 .
APPARATUS AND EXPERIl'IENTAL METHODS.
2 .1 . THE SHOCK-TUBE.
The shock’ tube used fo r  "the work on p a r t i c l e  h e a tin g  was
p rev io u s ly  designed , b u i l t  and te s te d  in  th e  C.E. R.L.
la b o ra to r ie s  5 thus many o f th e  i l l u s t r a t i o n s  in  t h i s  s e c tio n
are  rep ro d u c tio n s  taken  from th e  designers*  r e p o r ts .  FIGURES 2 .1 .
to  2 . 4 » i l l u s t r a t e  th e  hardware item s c o n s t i tu t in g  th e  tu b e ,
which i s  10 m etres long  w ith  a 3 m etre d r iv in g  s e c tio n  o f 7*5 cm*
b o re . The la y o u t i s  shorn in  FIGURE 2 .1 . Several fe a tu re s  o f th e
tube  a re  i l lu s t r a te d ,  in  more d e ta i l  and in c lu d e  in  FIGURE 2 .2 .
a double diaphragm device fo r  producing c o n tro lle d  b u rs t in g
p re ssu re  r a t i o s .  When used in  t h i s  mode, two p re -sco red
aluminium diaphragms are  in s e r te d  and th e  in terd iaphragm  space
f i l l e d  to  j u s t  under h a l f  th e  d e s ired  b u rs tin g  p re s su re . The
h igh  p re ssu re  end i s  then  f i l l e d  to  th e  re q u ire d  p re s su re ,
u su a lly  w ith  helium  and f i r i n g  i n i t i a t e d  by re le a s in g  th e
in te r-d iap h rag m  gas to  an evacuated chamber. P ro v id in g  th e  
*
diaphragms have been s a t i s f a c to r i l y  sc r ib e d , then  a c lean  b u rs t  
w il l  r e s u l t  w ith no frag m en ta tio n . An example o f a good b u rs t  
i s  shown in  FIGURE 2*3, No. 3 diaphragm, th e  o th e r  two be in g  
f a i l u r e s .
k  30 d e tachab le  window s e c tio n , i l l u s t r a t e d  in  
FIGURE 2 .3  was clamped h y d ra u lic a i ly  to  th e  end o f th e  d riv en  
s e c tio n . H orizon ta l o p tic a l  windows, 15 x 2 .5  cms, were sea le d  
in to  b ra ss  c a n is te r s  w ith  ,fS ilas to m erM s i l ic o n e  polymer and 
th e  cans were c a re fu l ly  machined to  f i t  th e  main window fram e.
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(These were 2. cm, th ic k  p la te  g la ss  f o r  v i s ib le  and in f r a - r e d  
w avelengths to  1 ,5  m icrons, V i t i^ o s i l  h  q u a rtz fo r  in f r a - r e d  
to  3*5 microns and a rs e n ic  t r i s u lp h id e  f o r  an extended 
in f r a - r e d  range to  9«0 m icrons. The l a t t e r  m a te r ia l was 
mounted in  a brass c a n is te r  p ro v id in g  a window a rea  o f  
0 .8  x  2 .5  cm. O ther m easuring f a c i l i t i e s  in  th e  window 
s e c tio n  in c luded  two p o r ts ,  v e r t i c a l ly  o p p osite  each o th e r , 
in to  which could be f i t t e d  cans c a rry in g  e i th e r  p re ssu re  
tra n sd u c e rs , h e a t t r a n s f e r  gauges o r  fu r th e r  o p tic a l  windows. 
S ix  s im ila r  p o r ts ,  FIGURE 2 .2 , in  th e  d riven  s e c tio n  allow ed 
th e  same choice o f in s tru m e n ta tio n  a t  a l te rn a t iv e  p o s it io n s  
b u t i t  was custom ary to  f i t  th e  d riv en  s e c tio n  p o r ts  w ith  
h e a t t r a n s f e r  gauges.
The frequency a t  which f i r in g s  can be c a r r ie d  ou t depends 
to  a la rg e  e x te n t on th e  speed o f evacuating  th e  tu b e . In  
th e  p re se n t tube a  s p e c ia l  vacuum v a lv e , designed to  g ive a  
s h o r t ,  la rg e  bore pumping l i n e ,  was b u i l t  in to  th e  low p re s su re  
s e c tio n , FIGURE 2.4* The va lv e  opera ted  on th e  p r in c ip a l  o f
sw inging a sm all s e c tio n  o f  the  tube to  one s id e  w hile
evacua ting  a t  t h i s  p o in t and re p la c in g  i t ,  p r io r  to  f i r i n g ,  
to  r e s to re  th e  tube con tours . The p iv o ted  s e c tio n  o f th e  
tube  was mounted in s id e  a vacuum -tight box, th e  underside  o f
which was b o lte d  d i r e c t ly  to  a d if fu s io n  pump backed 'by a
tw o-stage  ro ta ry  pump. A. sep a ra te  tw o-stage  ro ta ry  pump 
prov ided  th e  d r iv e r  evacuating  f a c i l i t i e s .
C ylinder gases, as su p p lied , were used f o r  bo th  h igh  and 
low p re ssu re  se c tio n s  w ithou t p u r i f ic a t io n  o th e r  than  f i l t e r i n g  
th rough m icropore f i l t e r s  i n  th e  supply l i n e s .  In co rp o ra ted  
i n  th e  gas feed  l in e s  was a 30 l i t r e  gas m ixing tan k , 
in c o rp o ra tin g  a manual m ixing padd le , en ab lin g  any d e s ire d
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gas m ix ture  to  be p repared  as t e s t  gas f o r  th e  s e c tio n .
The com bination o f  h y d ra u lie a l ly  clamped diaphragms and 
window s e c tio n , w ith  a  f a s t  pump-down speed gave tu rn  round 
tim es, between experim ents, o f th e  o rd e r o f f iv e  to  f i f t e e n  
minutes*
2 .2 . THE SHOCK-TUBB INSTRUMENTATION..
2 .2 . 1 . HEAT TRANSFER GAUGES.
Most experim ents have been perform ed u s in g  th e  p lu g  o f gas, 
h ea ted  by th e  r e f le c te d  shock-wave, to  supply h e a t to  a coal 
powder suspension . For a n a ly s is  o f th e se  experim ents, th e  
i n i t i a l  p ro p e r tie s  o f  th e  gas must be known and a re  found by 
so lv in g  th e  ap p ro p ria te  Ifcankine, Hugon£pt r e la t io n s .  To do t h i s ,  
one o th e r p ro p e rty  o f  th e  shock-heated  system  must be known i n  
a d d itio n  to  th e  i n i t i a l  unshocked c o n d itio n s . I t  i s  customary 
f o r  t h i s  p ro p e rty  to  be th e  in c id e n t shock v e lo c i ty ,  which was 
found by observ ing  th e  tim e o f passage o f th e  shock wave between 
two o r th re e  s ta t io n s  o f known d is ta n c e  a p a r t .  The d e te c tin g  
dev ices were h e a t t r a n s f e r  gauges co n stru c ted  in  th e  form o f  a 
th in  p latinum  s t r i p  p a in te d  and f i r e d  onto th e  end, and p a r t ly  
up th e  s id e s , o f a  0 .5  x 2 .5  cm. le n g th  o f pyrex g la ss  ro d . 
E le c t r ic a l  connections were s o f t  so ld ered  onto th e  s id e  s t r i p s  o f  
p la tinum  and th e  whole assembly p o tte d  w ith  "A ra ld ite "  in to  a 
s tan d a rd  in s tru m en t c a n is te r  f o r  mounting in  th e  in s tru m en t 
p o r ts .  FIGURE 2 .2 . i l l u s t r a t e s  a gauge and a sso c ia te d  p o r t 
c o n s tru c tio n .
The method o f u s in g  th e  h e a t t r a n s f e r  gauge was to  
connect i t  in  s e r ie s  w ith  a  lo ad  r e s i s t o r  o f 500 oams which 
was la rg e  compared w ith  th e  nominal 50 ohms o f  th e  gauge and 
ensured  co n stan t c u rre n t o p e ra tio n  when o p e ra ted  from a 9 v o l t  
dry b a t te r y .  The c u rre n t d ra in  was th e re fo re  20 m illiam p eres . 
U n re liab le  r e s u l t s  occurred  when e i th e r  th e  b a t te ry  v o ltag e  f e l l
S 8
"below 8 v o l ts  o r th e  gauge re s is ta n c e  in c re a se d , through wear, 
to  over 150 ohms. For th e se  reaso n s, a  v o ltm e te r, which could 
he sw itched  to  read  e i th e r  th e  b a t te ry  ou tpu t o r v o ltag e  drop 
ac ro ss  th e  f ilm  gauge, was in co rp o ra ted  in  th e  power supply u n i t  
which i s  i l l u s t r a t e d  in  FIGURE 2.5*
No se r io u s  a ttem pt was made to  a cc u ra te ly  c a l ib r a te  th e  
gauges w ith  a  view to  m easuring h ea t t r a n s f e r  r a te s ,  s in ce  t h e i r  
main purpose was to  d e te c t  th e  passage o f shock waves. However, 
one was used on sev e ra l occasions to  e s tim a te  th e  maximum gas 
tem peratu re  achieved d u ring  th e  combustion o f coal p a r t i c l e s  in  
oxygen and f o r  t h i s  reason  was roughly  c a l ib ra te d  fo r  ou tpu t in  
term s o f gas tem p era tu re . Shock h ea ted  n itro g e n  was used  fo r  
th e  c a l ib r a t io n .
The p r in c ip a l  o f o p e ra tio n  o f th e  gauge i s  th a t  i t s  
re s is ta n c e  i s  a l te r e d  by changes in  th e  substissrfe© su rface  
tem p era tu re . When a. shock wave p asses th e  gauge, th e  h e a tin g  
e f f e c t  produces a v o lta g e  o u tp u t, which fo r  shock v e lo c i ty  tim in g  
was am p lified , shaped and ap p lied  to  a  m icrosecond 
co u n ter. Maximum tim ing  accuracy i s  achieved  when th e  
response tim e o f th e  m easuring c i r c u i t s  i s  as sh o r t  as p o s s ib le .
The r i s e  tim e o f th e  h e a t t r a n s f e r  gauge, a m p lif ie r , shaper 
com bination was abou t 1 m icrosecond, th e  tim e th e  shock wave 
norm ally ta k e s  to  pass over th e  p la tinum  s t r i p .  In  a d d itio n , 
th e  accuracy o f th e  microsecond co u n ter i s  * 1 m icrosecond 
g iv in g  a t o t a l  p o ss ib le  e r ro r  o f 3 m icroseconds which i s  
a sso c ia te d  w ith a  t o t a l  measured tim e o f 600 mic roseconds fo r  
a  f a i r l y  f a s t  shock. The 0 .5 $  e r ro r  i s  eq u iv a len t to  about 
2G°K f o r  a  r e f le c te d  shock tem peratu re  o f  1300°K. The a m p lif ie r , 
shaper com bination i s  a  t r a n s i s to r i s e d  u n i t  m anufactured e s p e c ia l ly  
fo r  shock wave o p e ra tio n  by M essrs. Lunatron L td .
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Shock 'v e lo c ity  measurements were taken  a t two s ta t io n s
610 num. a p a r t  and im m ediately upstream  o f  the  window s e c tio n .
For gas tem peratu re  measurements th e  tra n sd u ce r ou tpu t 
was d i r e c t ly  d isp lay ed  on th e  o s c il lo sc o p e . At c o n s tan t gas 
tem p era tu re , th e  gauge o u tp u t r i s e s  to  a steady  le v e l ,  th e  
magnitude o f  which was found to  be dependent on the  gas 
tem peratu re  and p re s su re . FIGURE 2 .6 . shows o sc illo sc o p e  
reco rd in g s  o f a gauge ou tpu t i l l u s t r a t i n g  th e  p re ssu re  and 
tem peratu re  dependence in  v a rio u s  shock-heated  n itro g e n  ru n s .
Also shown i s  a rec o rd in g  o f  th e  h e a t t r a n s f e r  from a cloud o f  
p u lv e rise d  f u e l  bu rn ing  in  oxygen.
According to  th e  th eo ry  o u tlin e d  in  Appendix (1) eq u a tio n
( I . 3 ) ,  th e  o u tpu t on th e  passage o f a r e f le c te d  shock f r o n t
should  be a  s te p  fu n c tio n , independent o f tim e, hhose
magnitude i s  d i r e c t ly  p ro p o r tio n a l to  gas tem p era tu re , Tg, and
th e  square ro o t o f th e  gas d e n s ity , . Obviously th e  t r a c e s  in
FIGURE 2 .6 . a re  n o t s te p  fu n c tio n s  and show a r i s e  tim e o f about
500 m icroseconds to  a  s teady  o u tpu t le v e l .  This d ep artu re  from
REFS. 39 r40-
id e a l  behaviour has a lso  been experienced by o th e r w orkers. A
p o ss ib le  ex p lan a tio n  may l i e  in  th e  n a tu re  o f  boundary la y e r s
REP.41,
behind r e f le c te d  shock waves. Davies and Edwards have shown th a t  
th e  id e a l ly  s tag n an t boundary la y e rs  p re d ic te d  in  r e f le c te d  shook 
reg io n s  a re  n o t always produced. The in te r a c t io n  o f  th e  r e f le c te d  
shock wave w ith  th e  prim ary boundary la y e r  can g ive  r i s e  to  a 
moving boundary la y e r  in  th e  r e f le c te d  shock re g io n  and th i s  i s  
a s so c ia te d  w ith th e  phenomenon o f " b ifu rc a tio n '1. I f  such 
boundary la y e r  movements are  p re se n t, then  obviously  th e  
trea tm en t in  Appendix (1) must be considered  approxim ate. In  
FIGURE 2.7* f ilm  gauge ou tpu ts  have been p lo t te d  over a  gas 
tem peratu re  range o f  600 to  1750°K ^wo p re s su re s  o f
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gas tem peratu re  and p re s su re  on tra n sd u ce r ou tpu t i s  v e r i f i e d  
b u t w ith  co n sid e rab le  s c a t t e r  on th e  h ig h e r p re ssu re  po in ts*
2 .2 . 2. PRESSURE MEASUREMENTS.
1
In  o rd er to  ’time em ission  in te n s i ty  measurements a t  th e  
o b se rv a tio n  window w ith  re fe re n ce  to  th e  passage o f in c id e n t 
and r e f le c te d  shock waves, a p re ssu re  o r h e a t t r a n s f e r  
re c o rd in g  a t  th e  s ta t io n  was sim u ltaneously  d isp lay ed  on a 
second o sc illo sc o p e  channel*- A m in ia tu re  p ie z o - e le c t r ic  
gauge, PZ 6 , and a sso c ia te d  charge a m p lif ie r , PV 17, both  
m anufactured by Swiss Locomotive and Machine Works, c o n s t i tu te d  
th e  p re ssu re  m easuring equipment. The m in ia tu re  tra n sd u ce r 
was to o  sm all to  f i t  d i r e c t ly  in to  th e  tube so was mounted i n  a 
b ra ss  c a n is te r  s im ila r  to  th o se  used f o r  h e a t t r a n s f e r  gauges, 
f a c i l i t a t i n g  an in te rch an g e  o f tra n sd u ce rs  a t  any in s tru m en t 
p o r t .
In  g e n e ra l, q u a n ti ta t iv e  p re ssu re  measurements were n o t 
c a l le d  fo r ,  th e  tra n sd u ce r b e in g  used m ainly f o r  shock d e te c tio n , 
checking f o r  pronounced n o n - ta i lo r in g  e f f e c t s  and d e te c t in g  th e  
a r r iv a l  o f th e  ra re f& ctien  wave. The ra re fa c tio n  wave, which 
te rm in a tes  th e  p e rio d  o f co n stan t gas co n d itio n s  behind the  
r e f le c te d  shock wave, norm ally a r r iv e d  from 1 .5  to  3 m illise c o n d s  
a f t e r  th e  r e f le c te d  wave, depending on th e  in c id e n t shock s tr e n g th .
2 .2 . 3- RADIATION DETECTORS.
Depending on th e  s p e c tra l  reg io n  o f  i n t e r e s t ,  two ty p es  o f  
d e te c to r  have been employed. For th e  reg ion  o f spectrum  
0.8  + 0 .1  micron, a p h o to v o lta ic  s i l i c o n  diode, type  BPI10
(M ullard) was used . Advantages a sso c ia te d  w ith  t h i s  type  o f  
diode are , - sm all p h y sica l s iz e ,  th e  s e n s i t iv e  a rea  i s  only 
1*7 x  1 .7  m.m., good s e n s i t iv i ty  w ithou t th e  need f o r  
a n c i l la r y  power su p p lie s  o r m atching a m p lif ie r , f a s t  r i s e  tim e
and a narrow  s p e c tra l  bandwidth, vfoich f o r  th e  p re se n t work 
d ispensed  w ith  th e  need fo r  a  monochromator. R eference to  
th e  m an u factu rer’ s d a ta  s h e e ts ,  two o f  which are  reproduced in  
FIGURE 2*8, shows th a t  a  l i n e a r  r e la t io n s h ip  e x is t s  between 
i l lu m in a tio n  and o u tpu t c u r re n t provided  c e l l  v o lta g e  does n o t 
exceed about 150 m i l l i v o l t s .  In  p r a c t ic e ,  t h i s  r e s t r i c t i o n  has 
been c a te re d  f o r ,  over a  r a d ia t io n  in te n s i ty  range o f  fo u r  o rd e rs  
o f  m agnitude, by s e le c t in g  a lo ad  re s is ta n c e  a p p ro p ria te  to  the  
r a d ia t io n  in te n s i ty .  For low  le v e ls  o f  i l lu m in a tio n , a  h igh  
s e n s i t iv i iy  i s  re q u ire d , so a  10 kilohm lo ad  was u sed . H igher 
v a lu e s  o f  lo ad  r e s is ta n c e  were found to  reduce th e  r i s e  tim e to  
g re a te r  th an  100 m icroseconds. This l im i ta t io n  may be due to  the 
in h e re n t diode c ap ac itan ce , e f f e c t iv e ly  i n  p a r a l le l  w ith  th e  lo ad  
re s is ta n c e  sh u n tin g  th e  s ig n a l to  e a r th  o r may be th e  tim e 
re q u ire d  to  s a tu r a te  tra p p in g  c e n tre s  a t  low p h o to -c a r r ie r  
d e n s ity . For in te rm e d ia te  r a d ia t io n  i n t e n s i t i e s  1000 and 
100 ohm lo ad s  were employed w hile 10 ohms was found s u f f ic ie n t  fo r  
th e  s tro n g e s t i l lu m in a tio n  experienced  w ith  burn ing  p u lv e rised  
f u e l .  Four se p a ra te  d iodes w ith  t h e i r  lo ad  r e s i s to r s  were each 
mounted on a b ra ss  cap c a r ry in g  a c o -a x ia l so ck e t, FIGURE 2*9*
The b ra ss  cap could th en  be assem bled in to  a  view ing tube 
a tta ch e d  to  th e  shock-tube window and in c o rp o ra tin g  c o llim a tin g  
s l i t s .  I n i t i a l l y ,  a t  th e  h ig h e s t s e n s i t i v i t y * th e  diode 
assembly was found to  respond to  m echanical v ib ra t io n  s e t  up 
i n  th e  tube  du rin g  f i r i n g .  Foam rubber sp ace rs  around th e  
mounting b o l ts  e f f e c t iv e ly  damped any tendancy to  v ib ra te .
For su rfa c e s  r a d ia t in g  a t  tem peratu res  below 3000PK 
th e  w avelength a t  which maximum energy i s  ra d ia te d  l i e s  in  
th e  in f r a - r e d  reg io n  beyond 1 m icron. In  shock-tube a p p lic a tio n s  
d e te c to r  response tim e, in  th e  in f r a - r e d ,  i s  a  ma^or
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co n sid era tio n *  F ine p . f .  powders h e a t up ra p id ly  in  shock- 
heated  gases and to  fo llo w  th e  ra p id ly  changing ra d ia t io n  
le v e ls  a  d e te c to r  response tim e b e t t e r  th an  100 m icroseconds i s  
c a l le d  f o r .  An a d d itio n a l requ irem ent i s  th a t  s e n s i t iv i ty  should 
be adequate f o r  d e te c tin g  therm al r a d ia t io n  from su rfa ce s  a t  
600°K. Thus a  l iq u id  cooled indium antim onide c e l l  was chosen, 
M ullard ty p e  OREL3* The u se fu l frequency response extends from 
about 1 to  5*3 m icron peaking  a t  5*2 m icro n ., FIGURE 2 .8 . k  
b ia s  c u rre n t o f 240 microamperes was a p p lie d  from a  240 v . B.C. 
b a t te ry  source th rough a 1 megohm dropping r e s i s t o r ,  th e  s ig n a l 
being  tak en  d i r e c t  from acro ss  th e  c e l l  te rm in a ls  v ia  a 2 MFD. 
i s o la t in g  condenser, k  s e le c t io n  o f th re e  narrow  band in f r a - r e d  
f i l t e r s  w ith  c e n tre  w avelengths a t  2 . 5 , 3*5 and 4*5 microns and 
bandw idths, a t  h a l f  peak h e ig h t, o f about 0 .1  m icron were 
g e n e ra lly  used  in  o rd e r to  avoid energy lo s se s  a sso c ia te d  w ith  
th e  use o f  a  monochromator.
2 .2 . 4 . SPECTROGRAPH AND MONOCHROMATOR.
S everal s p e c tra  reco rd in g s  from p u lv e rise d  fu e l  bu rn ing  in  
oxygen and ash and so o t p a r t i c le s  shock-heated  in  . argon , were 
tak en  in  th e  range 0 .4  to  0 .9  m icrons. A. co n stan t d e v ia tio n  
spec tro g rap h , H ilg e r Watts type  D 288, w ith hard  g la s s  prism  was 
used  w ith  th e  same m a te r ia l in  th e  shock tu b e  window. Depending 
on th e  w avelength range , two types o f P o la ro id  f ilm  were used to  
reco rd  th e  sp e c tra . For extended in f r a - r e d  response type  413 was 
most u se fu l w ith  a  peak s p e c tra l  response a t  0 .84  microns and 
f a l l i n g  ra p id ly  above 0 .9  m icrons. The m anufacturers response 
curve i s  shown in  FIGURE 2 .8 . Where in f r a - r e d  response was n o t 
re q u ire d  th e  le s s  expensive type  47 was used , p ro v id in g  a  u sab le  
range from 0 .4  to  0.58 m icrons. Wavelength c a l ib r a t io n  on th e  
f ilm  was achieved w ith hollow  cathode lamps o f  R b ., C s., K ., Cd 
m anufactured by Atomic S p e c tra l Lamps L td . and a low p re ssu re  Hg
vapour s p e c tra l  lamp.
For r a d ia t io n  in te n s i ty  measurements in  th e  in f r a - r e d ,  a t  
w avelengths n o t c a te re d  f o r  by th e  narrow band f i l t e r s ,  a  Grubb 
Parsons M.2. monochromator w ith  sodium ch lo rid e  prism  was used .
The m anufacturers p rov ide  a wavelength c a l ib r a t io n  c h a r t and sp o t 
w avelengths were checked by observ ing  th e  v a rio u s  carbon d iox ide  
and w ater vapour bands p re se n t in  a  bunsen flam e. These were the  
carbon d iox ide  fundam ental, a t  4*4 m icron and i t s  com bination
bands a t  around 2 .8  m icron ( +  \rx * "U3 ) an(i around
2 .0  micron ( 3 L " U ^ W a t e r  vapour em its 
s tro n g ly  a lso  a t  2 .8  m icron from i t s  fundam ental v ib ra t io n , >3^ • 
F u rth e r sp o t checks were p rov ided  by ren d e rin g  monochromatic th e  
r a d ia t io n  from a N ernst source w ith  th e  th re e  narrow  band f i l t e r s  
a t  2 .5 , 3*5 and 4*5 m icron. The m anufacturers curve and 
measured p o in ts  bo th  co in c id e  and a re  drawn in  FIGURE 2 .10 .
A continuous flow  o f  dry n itro g e n  through th e  i n t e r i o r  o f th e  
instrum en t p ro te c te d  the  sodium c h lo rid e  prism  from w ater vapour 
a tta o k .
2 .2 . 5. OSCILLOSCOPE.
A T ektron ix  555 o sc il lo sc o p e , w ith  a v a r ie ty  o f  p lu g - in  
Y a m p lif ie rs , was used as th e  b a s ic  m easuring in s tru m en t f o r  
p re s su re , h e a t t r a n s f e r  and ra d ia t io n  re c o rd in g s . The most 
commonly used a m p lif ie rs  in c lu d ed  th e  M ty p e , f o r  fo u r  channel 
rec o rd in g  and th e  1A7A fo r  h igh  s e n s i t i v i t y .  A t r ig g e r  s ig n a l 
was v a rio u s ly  taken  from e i th e r  o f th e  coun ter in p u t p u lse s  o r 
from a h e a t t r a n s f e r  g a u g e /tr ig g e r  a m p lif ie r  com bination a t  
th e  m easuring s t a t io n .  A lthough th e  e le c tro n ic  s e t  up a l te r e d  
from one ty p e  o f experim ent to  an o th er, a commonly used 
arrangem ent f o r  reco rd in g  p a r t i c l e  tem peratu re  h i s to r i e s  i s
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i l l u s t r a t e d  in  FIGURE 2 .1 1 .
2 .2 . 6 .  HIGH SPEED CINE PHOTOGRAPHY.
S evera l h igh  speed cine photographs were tak en  by- 
Mr. R. Knight to  dem onstrate th e  p ro cesses  o f  p u lv e rised  f u e l  
d isp e rs io n  behind prim ary shock waves and i t s  subsequent ig n i t io n  
and combustion behind th e  r e f le c te d  shock waves. The system used 
employed a B arr and S troud C.P.5* camera u n i t  a t  an in te rfram e  
tim e o f 190 m icroseconds and exposure tim e o f 10  m icroseconds.
The o p tic s  and f ilm  were a rranged  fo r  co loured  sh p lie re n  u t i l i s i n g  
a  quarter halogen lamp f o r  a  background so u rce .
2 .3 . ABSORPTIVITY EXPERIMENTS.
I t  was shown in  th e  In tro d u c tio n , S ec tio n  1 , t h a t  b r ig h tn e ss  
tem peratu re  measurements on p a r t i c le s  in  th e  shock-heated  gases 
depends on th e re  be in g  a co n stan t p a r t i c l e  d e n s ity  cloud d u rin g  
th e  m easuring p e rio d , k  measure o f  th e  u n ifo rm ity  o f d isp e rs io n  
d e n s i t ie s  was ob ta ined  by p a ss in g  a p a r a l l e l  beam o f  l i g h t  
through th e  window s e c tio n  and n o tin g  th e  percen tage  
ab so rp tio n  produced by th e  p a r t i c l e  cloud du rin g  th e  running  
tim e o f th e  tu b e . Since p a r t i c l e  tem perature  measurements were 
to  be made in  th e  re d  and in f r a - r e d  reg io n s  o f th e  spectrum , 
a b s o rp tiv i ty ,  and hence e m iss iv ity  measurements were a lso  made 
in  th e se  re g io n s . At 0 .8  m icron, th e  l i g h t  source was a 
tu n g sten  s t r i p  lamp running  a t  2000°K w ith  a BPY 10 photodiode 
d e te c to r .  The in f r a - r e d  reg io n  was covered by an 0RP13 c e l l  
d e te c tin g  non-monochromatic r a d ia t io n  from a N em st filam e n t 
working a t  1500°K. I t  was n ecessary  to  run th e  ra d ia t io n  
sources w ell in  excess o f any p a r t i c l e  b r ig h tn e ss  tem peratu re  
l ik e ly  to  be encountered to  ensure th a t  th;e d e tec te d  r a d ia t io n  
was s o le ly  a  measure o f th e  ab so rp tio n  and n o t o f th e  therm al
51
em ission from th e  h e a tin g  p a r t i c l e s .  P u ll heam cu t o f f  was 
measured p r io r  to  a f i r i n g  by reco rd in g  th e  d e te c to r  ou tpu t 
w hile  chopping the  beam a t  200 H2. The experim ental 
arrangem ent i s  shown in  FIGURE 2 .1 1 .
2 .4 . PARTICLE DRYING AND THERMOMLMCE WOFIC.
During th e  course o f examining th e  r a te s  a t  which p u lv e ris e d  
fu e l  p a r t i c l e s  h ea ted  in  shock-heated  n itro g e n , i t  became 
apparen t th a t  th e  m oistu re  co n ten t o f  th e  v a rio u s  co a ls  might 
be in f lu e n c in g  the  r e s u l t s .  I t  was th e re fo re  decided  to  p rep are  
fu rnace  d r ie d  samples o f p u lv e rise d  fu e l  and a lso  to  determ ine 
th e  o r ig in a l  m oistu re  c o n ten t. Several sam ples were d rie d  under 
n itro g e n  in  a fu rn ace  a t  380°K and th e  m oistu re  co n ten t 
measured by w eight lo s s .  Provided th e  d r ie d  sample was weighed 
in  an a i r t i g h t  c o n ta in e r , t h i s  method was s a t i s f a c to r y .  Weighings 
o f d r ie d  p u lv e r is e d  fu e l  in  co n tac t w ith  th e  atmosphere re v e a le d  
t h a t  m oistu re  was ra p id ly  be ing  taken  up. I t  was hoped th a t  
quick t r a n s f e r  o f  a  d r ie d  sample to  th e  shock-tube and pumping 
a t  0 .5  m.m. Hg p re ssu re  f o r  30 min. b e fo re  f i r i n g  would tak e  
o f f  any rem ain ing  w ater. However, tem peratu re  h is to ry  
measurements in d ic a te d  th a t  w ater was s t i l l  p re se n t and a 
re-w eigh ing  o f  the  sample, a f t e r  30 min. i n  th e  evacuated  tu b e , 
showed th a t  i t  had reg a in ed  over 50$ o f  i t s  o r ig in a l  w ater 
c o n ten t. I t  was concluded from th i s  th a t  th e  coal was extrem ely 
hygroscopic and due to  i t s  m icropore s t ru c tu re  was a c t in g  in  th e  
manner of a  d e ss ic a n t by absorb ing  w ater vapour p re se n t i n  th e  
tube  from p rev ious experim ents. The most s a t i s f a c to r y  runs 
came from t r a n s f e r r in g  d rie d  p u lv e rise d  fu e l  from fu rn ace  to  
tube  and f i r i n g  as ra p id ly  as p o s s ib le . This could be done in  
two m inutes in  which tim e i t  was a ssessed  th a t  th e  p a r t i c l e s  
would have taken  up le s s  than  10$ o f  t h e i r  o r ig in a l  m oistu re
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c o n te n t. For convenience, w ater co n ten t d e te rm in a tio n s  
were made in  a  S tanton decim illigram ine therm obalance working 
a t  390°K and su p p lied  w ith  dry n itro g e n  a t  \ i  # 'Yruun. a t  N .T.P. 
k  weight lo s s / t im e  curve fo r  20 micron Woodside coal p a r t i c le s  
i s  reproduced in  FIGURE 2 .1 2 . U sually  th re e  d e te rm in a tio n s  on 
each coal were run  and a mean va lue  taken  f o r  th e  percen tage  
w ater c o n ten t. R e p ro d u c ib ility  was in  most cases b e t t e r  than  
+ 10$. k  ta b le  o f p ercen tage  w ater co n ten t fo r  f iv e  p a r t i c l e  
ty p es  i s  in c lu d ed  in  FIGURE 2 .12 .
2 .5 . FIRING- PROCEDURE . T O  IGNITION TEMPERATURE MEASUREMENTS.
To d isp e rse  powders in  the  shock-heated  g ases , a f in e ,
15 m icron th ic k ,  ’Melinex* h o ld e r was clamped d ia m e tr ic a lly  
across th e  tube between th e  window and low p re ssu re  se c tio n  
FIGURE 2.5* The f in e n e ss  o f 'M elinex1 usuab le  was a  
compromise between excessive  in te r fe re n c e  w ith th e  in c id e n t 
shock wave when too  heavy a gauge was used and th e  physical, 
s tre n g th  necessa ry  to  support th e  sam ple. Normally, 0 .2  g* o f  
powder was spread  evenly  in  the  h o ld e r . Powder d isp e rs io n  took 
p lace  when th e  flow  o f gas a sso c ia te d  w ith th e  in c id e n t shook 
wave s h a tte re d  th e  coal h o ld e r and th rew  th e  p a r t i c l e s  c le a r .
The p a r t i c l e s  were th en  a c c e le ra te d  in to  th e  window se c tio n  and 
towards th e  r e f le c t in g  fa c e . The r e f le c te d  shock wave brought 
th e  in c id e n t shock-heated  gases to  r e s t  and th e  p a r t i c l e s  were 
ra p id ly  d e c e le ra te d  in  th e  reg io n  o f th e  o b serv a tio n  s l i t s .
This p o in t in  tim e was taken  as th e  commencement o f  r e f le c te d  
sho ck -h ea tin g  and consequently  r a d ia t io n  measurements were tim ed 
from here  u n t i l  th e  a r r iv a l  o f  th e  r a r e fa c t io n  wave from th e  
h igh  p re ssu re  end o f  th e  tube ended th e  p e rio d  o f co n stan t 
r e f le c te d  shock co n d itio n s . The runn ing  tim e a v a ila b le  
depended on th e  type  o f gas be ing  h ea ted  and th e  tem peratu re
5 1 *.
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i t  was h ea ted , b u t g e n e ra lly  la y  between 1 .5  sad 3*0 ms.
A ty p ic a l  run  where a  r a d ia t io n  in te n s i ty  h is to ry  was to  be 
measured would begin  by c le a r in g  th e  window s e c tio n  o f d e b ris  
from th e  p rev ious run  w ith th e  a id  o f o rgan ic  so lv e n ts . A coal 
sample and s u i ta b le  diaphragm were then  clamped in  th e  tube and 
both h igh  and low p re ssu re  s e c tio n s  evacuated to  below 1 m.m. Hg.
In  most experim ents th e  d if fu s io n  pump was n o t in  f a c t  found 
n ecessa ry . The low p re ssu re  gas was then  adm itted  to  a 
p re ssu re  between 150 and 7 6 O m.m. Hg. Before p re s su rin g  th e  
d r iv e r  s e c tio n , a l l  t r i g g e r  a m p lif ie rs  and coun ters  were r e s e t ,  
th e  o sc illo sc o p e  t r a c e s  and t r i g g e r  s e t  and camera opened. The 
tube  was f i n a l ly  f i r e d  e i th e r  by p re s s u r is in g  f o r  a  n a tu ra l  
diaphragm b u rs t  or r e le a s in g  th e  in te r-d iap h rag m  gas when 
u s in g  th e  double diaphragm method.
Another ty p e  o f  experim ent, where r a d ia t io n  i n t e n s i t i e s  
were n o t measured, was th e  v is u a l  d e term in a tio n  o f  ig n i t io n  
c r i t e r i a .  Here th e  tube would be f i r e d  and a v is u a l  o b se rv a tio n  
o f  th e  window s e c tio n  no ted . Depending on th e  experim ental 
c o n d itio n s , one o f th re e  o b serv a tio n s  might be made, At h igh  
tem peratu res o r oxygen c o n ce n tra tio n s , a w hite o r  yellow  f la s h  
would be observed to  f i l l  th e  window s e c tio n  w hile n o th in g  
would be seen a t  a l l  w ith  low tem peratu res o r oxygen c o n c e n tra tio n s . 
In te rm ed ia te  between th e  two extrem es, and u su a lly  covering  a 
a  gas tem peratu re  range o f 40°K, d i s t i n c t  sparks would appear.
The mean tem perature  in  t h i s  reg io n  would be measured and taken  
as th e  gas ig n i t io n  tem p era tu re . Experim ents were c a r r ie d  
ou t on v a rio u s  coal s iz e s  and ty p es  to  a s c e r ta in  th e  in f lu e n c e  
o f  t e s t  gas com position on th e  measured gas ig n i t io n  tem p era tu re .
5L
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theo ry  o f  th e  o p e ra tio n  o f p latinum  film  h ea t
t r a n s f e r  gauges.
th e  o u tp u t from a th in  f ilm  h e a t t r a n s f e r  gauge i s  determ ined
REE.42.
by i t s  s u r fa c e  tem peratu re  r i s e  through th e  r e la t io n ;
Tb e s ta b l is h  ® th e  t r a n s ie n t  h e a t t r a n s f e r  equatio n s  f o r  conduction
through th e  gas and s o l id  phases must be so lv ed , th e  r a t e  o f h e a t
t r a n s f e r  through a  fsemi in f in i te *  medium to  a  su rface  a t  tem pera tu re  
REP*43*
T i s  g iven  by;S i
T herefo re , by eq u a tin g  h e a t t r a n s f e r  r a te s  through gas and gauge 
s u b s tr a te  we g e t;
d a ) .
I C o . o . k . ) - '
T V ® ?  J . . (1 .2.).
In  a l l  cases T % T. so equation  ( 1 .2 .)  s im p lif ie s  to ;  g s
✓J
UShicfe when s u b s t i tu te d  in  ( 1 .1 . )  g iv es;
• . * ( 1 .3 * ) *
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3 .1 . ABSORPTIVITY RESUIffS.
In  S ec tion  1 .2 . of the In tro d u c tio n , i t  was suggested  th a t  
p a r t i c l e  su rfa ce  tem p era tu res  could be c a lc u la te d  from 
q u a n ti ta t iv e  measurements o f em ission  in te n s i ty  and 
a b s o rp tiv i ty . The p a r t i c l e  oloud a b so rp tiv ity  was shown to  be a 
fu n c tio n  of th e  d e n s ity  o r number o f p a r t i c l e s  in  th e  volume 
elem ent viewed. A lso , th e  p a r t ic le  cloud d e n s ity  w il l  depend 
la rg e ly  on th e  d isp e rs io n  p rocess behind th e  in c id e n t shock 
wave. Id e a l ly ,  a  s ta t io n a ry  p a r t i c l e  cloud behind  the  r e f le c te d  
wave should  be s tu d ie d  and th i s  d ic ta te s  th a t  th e  p a r t i c l e  
momentum achieved behind th e  in c id e n t wave should be ra p id ly  
reduced to  zero in  th e  r e f le c te d  shock re g io n . Small p a r t i c l e s  
a re  most l i k e ly  to  approach th i s  id e a l ,  e sp e c ia lly  i n  a. h igh  
d e n s ity  gas. For th e s e  reaso n s, the  in f lu e n c e  o f  p a r t i c l e  
s iz e  on ab so rp tio n  was s tu d ie d . I f  p a r t i c l e s  do have a m easureable 
d isp e rs io n  and a c c e le ra tio n  tim e, then  th e re  w il l  e x is t  a reg io n  
a t  the  r e f l e c t in g  fa c e  which p a r t i c le s  w il l  f a l l  t> re a ch . 
T herefo re , a r a d ia t io n  d e te c to r  cannot be s i te d  too n ear th e  
r e f l e c t in g  face d e s p ite  i t  being  th e  b e s t  p o s i t io n  as f a r  as 
boundary la y r  growth and ra n in g  tim e a re  concerned. To f in d  th e  
optimum o b serv a tio n  p o in t , a  number o f  ru n s  were c a r r ie d  ou t in  
which the  p o s i t io n  of th e  r e f l e c t in g  face  r e l a t iv e  to  the  
o b serv a tio n  p o in t was v a rie d  by in s e r t in g  b ra ss  p lugs a t  tn e  
end cap.
3*1. 1 . THE INFLUENCE OF REFLECTING FACE POSITION.
R esu lts  were ob ta ined , under constan t shock c o n d itio n s , a t  
fou r r e f le c t in g  fa c e  p o s it io n s  o f  19 , 44 , 89 and 184 m.m. from 
th e  o b serv a tio n  window. The la r g e s t  s iz e d  coal a v a i la b le ,
87 m icron P rin ce  of v/ales, was used throughout in  o rd er to
5 ^
accen tu a te  th e  e f f e c t s  o f p a r t i c l e  a c c e le ra tio n  and 
d e c e le ra tio n  behind th e  in c id e n t  and r e f le c te d  waves re s p e c tiv e ly . 
FIGURE 3 .1 . i l l u s t r a t e s  an ab so rp tio n  measurement a t  each s ta t io n ,  
u s in g  r a d ia t io n  a t  0-8 m icron and n itro g e n  t e s t  gas. At 184 and 
89 m.m. ab so rp tio n  commences 200 m icroseconds a f t e r  th e  passage 
o f th e  in c id e n t shock and in c re a se s  u n t i l  the  a r r iv a l  o f  the r e f le c te d  
wave. At 19 and 44 m.m. th e  r e f le c te d  wave a r r iv e s  le s s  than  
200 m icroseconds a f t e r  th e  in c id e n t shock and no ab so rp tio n  
occurs behind  th e  in c id e n t wave. I f  p a r t i c l e s  im m ediately took 
up gas v e lo c i ty  a t  th e  coal h o ld e r, th e i r  time o f a r r iv a l  a t  the
s ta t io n  would have been 120 m icroseconds. The e x tra  80
m icroseconds must be due to  d isp e rs io n  and a c c e le ra tio n  la g s .
The in c re a s in g  le v e l o f  ab so rp tio n  w ith tim e behind th e  in c id e n t 
wave would suggest t h a t  th e  p a r t i c le s  are r e l a t iv e ly  slow ly
d isp ersed  from the coal p i l e  in  the  h o ld e r, w ith  the main bu lk
a r r iv in g  a t  th e  o b serv a tio n  s ta t io n  sometime a f t e r  th e  le a d in g  
p a r t i c l e s .  The p o s it io n s  o f  th e  snock waves and p a r t i c le s  a re  
rep re sen ted  in  FIGURE 3«2. by means o f an 3C,;£ diagram . The 
time s c a le  has been s ta r te d  a t  th e  a r r iv a l  o f th e  in c id e n t shock 
wave a t  th e  coal h o ld e r.
A bsorption behind th e  r e f le c te d  shock wave g en era lly  
in c re a se s  to  a s teady  le v e l  in  a tim e depending on th e  s ta t io n  
p o s i t io n . At 19 m.m. tht= growth in  ab so rp tio n  i s  slow, re a ch in g  a 
value o f 35$ a f t e r  about 2 m illise c o n d s . Since p a r t i c le s  d id  n o t 
reach  th e  s ta t io n  a t  a l l  behind th e  in c id e n t wave, th e  ab so rp tio n  
behind th e  r e f le c te d  wave must re p re se n t moving p a r t i c l e s  slow ly  
d e c e le ra tin g . At 184 m.m. a  co n stan t ab so rp tio n  le v e l  i s  reached  
in  le s s  th an  500 m icroseconds and i s  always g re a te r  than  80$.
From th e  r e s u l t s  a t  19 m.m. i t  i s  in f e r r e d  th a t  th e  p a r t i c le s  
are  s t i l l  t r a v e l l in g  towards th e  end cap and th e  co n stan t
60
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ab so rp tio n  le v e l i s  a  r e s u l t ,  n o t o f a  s ta t io n a ry  p a r t i c l e  
cloud b u t o f a moving cloud o f uniform  d e n sity  along p a r t  o f  i t s  
le n g th .
-Another method o f t e s t in g  fo r  p a r t i c l e  movement behind th e  
r e f le c te d  wave i s  to  observe th e  r a te  o f change in  ab so rp tio n  
a t  th e  moment th e  r e f le c te d  wave p asses th e  o b serv a tio n  window.
I f  th e  r a te  o f change o f a b so rp tio n , and henCe p a r t i c l e  d e n s ity , 
does n o t fo llo w  th e  ra p id  change in  gas d e n s ity , th en  p a r t i c l e  
and gas v e lo c i t ie s  can be considered  to  be lo o se ly  coupled .and a 
v e lo c i ty  re la x a tio n  tim e assigned  to  th e  p a r t i c l e s .  P a r t i c le  
d e n s ity  changes, f o r  87 m icron p a r t i c l e s  a t  th e  r e f le c te d  shock, 
do n o t show an ab ru p t change which confirm s th a t  the p a r t i c le s  
have a. r e l a t iv e  v e lo c i ty  to  th e  gas over a  la rg e  p o rtio n  of th e  
a v a ila b le  tu b e  runn ing  tim e. I t  was n o t proposed to  analyse 
ra d ia t io n  i n t e n s i t i e s  from moving p a r t i c l e  clouds because o f the  
com plex ities  in tro d u ced  by tim e dependent e ra is s iv i t ie s  and h e a t 
t r a n s f e r  c o e f f ic ie n ts .  T herefo re , r a d ia t io n  in te n s i ty  
measurements from 87 m icron p a r t i c le s  were n o t pursued.
3 . i .  2. THE INFLUENCE ON ABSORPTION OF PHTICLE SIZE.
A bsorption le v e ls  f o r  3 5 *  1 7  micron coal p a r t ic le s  and 
17 nanometer soo t p a r t i c le s  were measured a t  th e  89 m.m. s t a t io n .  
This s ta t io n  was chosen as a  compromise between en su rin g  th a t  the  
p a r t i c le s  had tim e to  reach  the  s t a t io n  and the  a v a ila b le  ru n n in g  
tim e under co n stan t co n d itio n s  o f gas p re s su re , tem peratu re  and 
d e n s ity . FIGURE 3 * 3  shows ab so rp tio n  le v e ls  w ith 3 5  micron 
p a r t i c le s  u s in g  r a d ia t io n  a t  wavelengths o f 0 8  and 3*0 m icrons, 
then  17 m icron p a r t i c le s  and 3*0 m icron ra d ia t io n  and f i n a l ly  
w ith  17 nanometer so o t p a r t i c le s  and 0*8 m icron r a d ia t io n .  For 
the  sm a lle s t p a r t i c l e s ,  17 nanom eter, p a r t i c l e  d en s ity  changes
(o  3
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a re  very  rapid, and follow rg& adensity  changes ’in s ta n ta n e o u s ly 1.
The f i n a l  ab so rp tio n  le v e l  i s  s u f f ic ie n t ly  h igh  to  cu t o f f  
com pletely  th e  l ig h t  beam. This was a  c h a r a c te r i s t ic  o f f in e  
so o t p a r t i c l e s  found under a l l  experim ental co n d itio n s  used and 
approaches very  c lo se ly  th e  id e a l  o f a s t a t i c  p a r t i c l e  cloud 
w ith  an e m is s iv ity  o f u n i ty .  Coal p a r t i c l e s  o f 17 and 35 micron 
diam eter were n o t so id e a l  b u t n e v e r th e le s s  gave s a t i s f a c to r y  
r e s u l t s .  P a r t i c le  d e n s ity  changes were ra p id  on th e  passage o f 
th e  r e f le c te d  shock wave and th e  f i n a l  ab so rp tio n  le v e l  was 
norm ally a t ta in e d  in  le s s  than  200 m icroseconds. The le v e l  o f 
ab so rp tio n  was found to  vary  between th e  l im i t s  o f 50$  and 100$  
b u t th e  m a jo rity  o f measurements gave 70$ and th i s  i s  th e  f ig u re  
used f o r  tem peratu re  c a lc u la t io n s  on both  p a r t ic le  s iz e s .  Wavelength 
o f  r a d ia t io n  had no n o tic e a b le  in flu en c e  on ab so rp tio n  le v e l s .
3 .1 . 3* THEORETICAL PARTICLE TRAJECTORIES.
The a c c e le ra tio n  o f sm all sp h e r ic a l p a r t i c le s  in  a moving
REP <44gas stream  can be d esc rib ed  by th e  ex p ress io n :
where i s  th e  p a r t i c l e  a c c e le ra tio n , P9
\  A  X  )
are  the  gas and p a r t i c l e  d e n s i t ie s  re s p e c tiv e ly , I j f  i s  
th e  d rag  c o e f f ic ie n t ,  d th e  p a r t i c l e  d iam eter and th e
r e la t iv e  gas to  p a r t i c le  v e lo c i ty .  In te g ra t in g  (3 -1 ) g iv e s :
-1- = 3 V  .1 . c  . . . .  fajN
t>5
Prom th e  i n i t i a l  boundary co n d itio n s  t  = 0 when U = U
r  o
we g e t : -
i r -  \   ( 3 ' 3 )
The drag  c o e f f ic ie n t ,  "\j/ i s  a unique fu n c tio n  o f  th e
Reynolds Number, Re, and hence i s  a  fu n c tio n  o f  tim e. S n p ir ic a l
REP. 45
and th e o r e t ic a l  re la t io n s h ip s  e x is t  fo r  Re and "\|/
b u t a re  v a l id  over l im ite d  ranges o f Re. T herefore  r e l i a b le
REP.45
experim ental v a lu e s  o f *\|/ were used in  equation  (3 «3 ) 
p re fe ren ce  to  s u b s t i tu t in g  th e  r a th e r  cumbersome e x p l ic i t  
r e la t io n s h ip s  o f Re w ith *\|/~. This re q u ire d  th a t  (3*3) be 
so lved  by a s tepw ise  p rocedure, over sm all in te r v a ls  o f tim e, 
so th a t  " \|/’ could be assumed co n stan t over each tim e s te p .
The d is ta n c e  t r a v e l le d  by th e  p a r t i c l e  in  each tim e s tep  was 
a lso  c a lc u la te d .
The e x is tan c e  o f  a r e l a t i v e  v e lo c ity  between gas and 
p a r t i c l e  behind th e  in c id e n t shock le ad s  to  h igh  convective  
h ea t t r a n s f e r  r a t e s .  The r a t e  o f h e a t t r a n s f e r  i s  conven ien tly  
assessed  by examining th e  N u sse lt number a t  th e  vario u s  s tag e s  
o f th e  p a r t i c l e  t r a je c to r y .  C a lcu la tio n  o f th e  N u sse lt number 
was done by e v a lu a tin g  th e  Reynolds and P ran d tl numbers and 
u s in g  th e  ex p re ss io n :-
N u  -  a ( v  +  O  • 3 1* P*. R / . )    ( 3 .  t )
FIGURE 3*4 shows the r e s u l t s  o f a stepw ise c a lc u la t io n  fo r
th e  t r a je c to r y  o f a 17 m icron d iam eter sph ere , o f  d en sity
th e  same as co a l, immersed in  a n itro g en  gas flow  o f v e lo c i ty
0*55 km. s”1 * The s i tu a t io n  corresponds w ith  r e f le c te d
shock co n d itio n s  of Tc = 1Q00°K and Pr = 1 * 4  MN/m .^5 5
Exam ination of th e  v a rio u s  p a r t i c l e  p ro p e r t ie s  shows th a t  *the
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e a r l i e s t  p o s s ib le  tim e o f  a r r iv a l  f o r  p a r t i c le s  a t  th e
o b serv a tio n  p o in t i s  about 400 m icroseconds. The in c id e n t
shock wave w il l  tak e  240 m icroseconds to  cover th e  same
d is ta n c e  hence a tim e la g  o f  a t  l e a s t  160 m icroseconds should
be found a t  the  o b se rv a tio n  p o in t between th e  passage o f  th e
in c id e n t shock wave and p a r t i c l e s .  An accu ra te  experim ental
measurement has n o t been made bu t from l i g h t  beam a b so rp tio n
measurements, a  tim e la g  o f approxim ately 200 m icroseconds
has been found. A more a cc u ra te  measurement, FIGURE 3*1> on
87 m icron p a r t i c l e s  a lso  gave a  time la g  o f  200 m icroseconds.
However, a  comparison o f FIGURES 3*1 and 3 .3  re v e a ls  th a t
p a r t i c l e  s iz e  has a  pronounced e f f e c t  on th e  r a t e  o f  r i s e  o f
ab so rp tio n  a f t e r  th e  i n i t i a l  tim e la g .  I t  must be p o in ted  out
th a t  th e  above th e o r e t ic a l  c a lc u la t io n  o f p a r t i c l e  t r a je c to r y
i s  o f  l im ite d  accuracy  due m ainly to  u n c e r ta in t ie s  in  the
REF.
value o f "Vjf th e  drag  c o e f f ic ie n t .  N ich o lls  has po in ted  o u t 
th a t  fo r  p a r t i c l e s  d e p a r tin g  from smooth sp h eres , th e  va lue  o f 
can be in c reased  by as much as lOOp*
3 .2 . BPYIQ RADIATION DETECTOR CALIBRATIONS.
The a p p lic a tio n  o f eq uation  (1#3) bo p a r t i c l e  tem peratu re  
measurements re q u ire s  a  d e te c to r  whose o u tpu t i s  a c c u ra te ly  
known i n  term s o f the  in c id e n t r a d ia t io n .  A tu n g sten  lamp o f 
known e m ittin g  a rea  was used as a  s tan d ard  l i g h t  source to  c a l ib r a te  
the  fo u r s i l i c o n  photodiodes in  p a r a l l e l  w ith  1h e i r  lo ad  r e s i s t o r s .  
The c a l ib r a t in g  procedure was to  s i t e  each photodiode a known 
d is ta n c e  normal to  th e  s t r i p  lamp and measure on an o sc il lo sc o p e  
th e  a l te r n a t in g  peak to  peak e .m .f . o u tpu t a t  v a rio u s  lamp 
tem peratu re  s e t t in g s  u s in g  a m ecnanical chopper a t  200 Hz. The 
lamp tem peratu re  was read  by means o f  a  d isap p ea rin g  f ilam e n t 
o p tic a l  pyrom eter. Equation (j» 3 ) suggests  t h a t  lo g  e .m .f . 
ou tpu t should  be p lo t te d  a g a in s t re c ip ro c a l ab so lu te  tem p era tu re .
(0%
The fo u r c a l ib ra t io n s  are shorn in  FIGURES 3-5 to  3*8. L in e a r ity  
i s  e x c e lle n t over th e  range of i n t e n s i t i e s  used d e sp ite  a 
s p e c tra l  bandwidth o f  approxim ately  0 .3  m icron f o r  th e  c e l l .  
Furtherm ore, th e  s lope  o f each p lo t  should be num erically  equal 
to  th e  known c o n stan t — — ~  The m anufacturers f ig u re  fo r  peak
a*3 .x
s p e c tra l  response i s  0 .8  m icron which g ives a th e o re t ic a l  s lo p e
of -0*78 x 10^’°K. The fo u r p lo ts  gave va lues o f  -0 7 3 >  -0*77'»
4
-0*77 -0*71 x 10 °K. To e s ta b l is h  th e  maximum l in e a r
ou tpu t from each photodiode* su ccess iv e  experim ents were 
conducted, a t  co n stan t lamp tem p era tu re , in  which th e  photodiode 
assembly was moved n e a re r  th e  lamp. The ou tpu t a t  each p o s i t io n  
was p lo t te d  ag a in s t re c ip ro c a l d is ta n c e  squared . In  a l l  cases 
l i n e a r i t y  was p reserv ed  up to  an o u tp u t o f 200 m i l l i v o l t s .  As 
was to  be expected from the m anufacturers d a ta , s a tu ra t io n  ra p id ly  
s e t  in  above th i s  le v e l ,  FIGURE 3*9 shows a  r e s u l t  fo r  th e  
BPY10/10 K ohm com bination.
For shock tube measurements, th e  d e te c to r  geometry and system  
e m iss iv ity  are  not the same as th o se  f o r  th e  tu n g sten  lamp and a 
c o rre c te d  c a l ib ra t io n  l in e  must be c a lc u la te d  acco rd in g ly . 
R ad ia tio n  in te n s i ty  a t  the a e te c to r  i s  p ro p o r tio n a l to  
where £  i s  th e  source e m is s iv ity , A i s  th e  source a re a  and d 
i s  th e  source d is ta n c e . A ll th e se  q u a n t i t ie s  a re  known fo r  bo th  
c a l ib ra t io n  lamp and shock tube and th e  c a l ib ra t io n  l in e s  f o r  
shock tube  working, c o rre c te d  on t h i s  b a s is ,  a re  a lso  drawn in
FIGURE 3*5 to  3*8. The lamp e m iss iv ity  f ig u re s  were taken
_ REF>kfrom measurements by de Vos on tu n g s ten  s t r i p .
3«3* SPECTRA FROM SHOOK HEATED PARTICLES.
To e s ta b l is h  t h a t  th e  r a d ia t io n  from burn ing  p u lv e rised  
fu e l  clouds was m ainly a continuum, tim e in te g ra te d  s p e c tra
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from 0 .4  to  0 .8  micron were recorded . For comparison purposes 
so o t and coal ash  p a r t i c l e s  were shock hea.ted and th e i r  sp e c tra  
lik e w ise  reco rded .
The s p e c tra  from c o a l b u rn ing  in  shock h eated  oxygen are  
reproduced in  FIGURE 3*10. The em ission i s  in te g ra te d  over th e  
whole o f th e  burn ing  p rocess  which achieved a maximum tem peratu re  
o f  around 280CPK. A llow ing fo r  the trough  in  f ilm  s e n s i t iv i ty  
a t  0 .50  to  0.55  m icron, th e  r a d ia t io n  l i e s  in  a  continuum o f 
in c re a s in g  in te n s i ty  to  th e  red  end o f th e  spectrum . Maximum 
in te n s i ty  i s  a t  0 .9  m icron or above. For a grey o r b lack  body 
r a d ia t in g  a t  280CPK, th e  wavelength o f peak ra d ia t io n  in te n s i ty  
i s  1.04 m icron. S evera l l in e s  a re  a lso  ap p aren t, n o t a l l  o f 
which have be en d e f in i te ly  id e n t i f i e d .  Sodium a t  0.589 m icron 
and potassium  a t  0 .7 66 micron a re  th e  two s tro n g e s t . What appear 
to  be d if fu s e  bands a t  O.65O, O.63O and O.56O microns may be 
due to  a  com bination o f FeO and CaO from th e  ash . The presence  
o f the  potassium  resonance l in e  a t  O.766  m icron, although ly in g  
in  th e  BPY10 d e te c to r  passband, should no t in te r f e r e  with 
p a r t i c l e  tem perature  measurements. The rad iancy  o f a grey body 
in te g ra te d  over th e  d e te c to r  bandwidth w ill  com pletely  swamp th e  
c o n tr ib u tio n  from a h ig h ly  monochromatic resonance l in e .
The soo t p a r t i c l e s ,  17 nanometer d iam eter, were shock hea ted  
to  a tem peratu re  o f  290CPK in  argon . The continuum in  FIGURE 3*11 
i s  s im ila r  to  th a t  from coal and has superim posed upon i t  the  
u su a l sodium and potassium  l in e s .  Blank runs in  argon alone 
showed th e  potassium  and sodium l in e s  f a i r l y  s tro n g ly , in d ic a t in g  
th e i r  presence as tube im p u r it ie s .
Id e n t i f i a b le  fe a tu re s  o f th e  coal f l y  ash sp e c tra  
FIGURE 3*11 a re  th e  continuum, sodium and potassium  l in e s .  A lso
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p re se n t i s  a  o ir ru s e  Dana a t  U.0P4 micron m ie n  appears mo 
correspond with a  s im ila r  band in  the  coal s p e c tra  and thought 
to  be due to  CaO o r  FeO. A s tro n g  l i n e  appears a t  0.670 micron 
which i s  most l ik e ly  a  Ca l in e ,  O.66m icron.
3-4* PARTICLE TEMPERATURE MEASUREMENTS.
I t  was shown in  th e  ab so rp tio n  measurements t h a t  soo t p a r t i c l e  
d isp e rs io n s  were o p t ic a l ly  opaque and l ik e ly  to  approxim ate very  
w ell to  b lack  body ra d ia to rs#  Thus th e  r e l i a b i l i t y  o f th e  
tem peratu re  m easuring techn ique u sin g  a photodiode d e te c to r  was 
checked by comparing measured so o t p a r t i c l e  tem pera tu re  w ith  th e  
shock hea ted  gas tem p era tu res . At therm al eq u ilib riu m , th e  two 
should be th e  same. Provided th e  therm al cap ac ity  o f  th e  gas i s  
much g re a te r  than  th e  p a r t i c l e s ,  then  th e  eq u ilib riu m  tem peratu re  
can be assumed to  equal th e  i n i t i a l  r e f le c te d  shock tem pera tu re ,
T5 . The tem perature  comparison covered a range from 900 to  
2400°K and gas p re ssu re  was v a r ie d  from 0*8 to  2*0 MN/m2. to  study  
th e  p o ss ib le  in flu en c e  o f p a r t i c l e s  on gas coo ling . The comparison 
i s  shown in  FIGURE 3*12 and ty p ic a l  em ission in te n s i ty  t r a c e s  from 
which th e  soo t p a r t i c le  tem peratu res  were derived  a re  reproduced 
in  FIGURE 3*13* Agreement i s  good over th e  whole tem peratu re  range 
and, i f  one ig n o res  fo r  the moment th e  0 .8  MN/m2 p o in ts , only in  
two cases does th e  measured p a r t i c le  tem peratu re  d e v ia te  from th e  
gas tem peratu re  by more than  10CPK. G enera lly , tem pera tu res a re  
w ith in  40°K o f each o th e r . 6 O/0  o f th e  measurements in  low 
p re ssu re  argon a t  0.*8 MN/m  ^ show a n o tic e ab ly  low p a r t i c l e  
tem pera tu re . This i s  a t t r ib u te d  to  th e  co o lin g  in f lu e n c e  th e  
p a r t i c le s  have on a low p re ssu re  gas. Above 1*2 MN/m2 in  n itro g e n  
o r argon th e  com plication  d isappears  and th e  subsequent work was 
confined  to  th e  h ig h er p re s su re s .
3*5« 0RP13 RADIATION. DETECTOR CALIBRATION.
The con firm ation  th a t  h o t soo t p a r t i c le  suspensions could be 
regarded  as b lack  body r a d ia to r s  le d  to  th e  use o f such
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suspensions as a convenient r a d ia t io n  source fo r  c a l ib r a t in g  th e  
OREL 3 in f r a - r e d  d e te c to r .  S ince th i s  d e te c to r  was m ainly to  be 
used fo r  low tem peratu re  work, th e  range o f measurement was n o t 
extended to  above 1200°K. FIGURE 3*14 i s  a  c a l ib r a t io n  w ith  
th e  d e te c to r  view ing th e  so o t suspension  th rough a  V it r e o s i l  & 
window w ithou t a  monochromator. In  f a c t  th e  d e te c to r  s p e c tra l  
response combined w ith  th e  tran sm iss io n  curve f o r  th e  window 
g ives a  combined response curve peaking  a t  3*5 m icron. The p o in ts  
f a l l  w ell on a  s t r a ig h t  l i n e  when p lo t te d  as lo g  d e te c to r  o u tpu t 
versus r e c ip ro c a l  gas tem pera tu re . A. c a lc u la te d  l i n e  fo r  a  coal 
p a r t i c l e  suspension o f  e m is s iv ity  0*7 i s  a lso  in c lu d e d . From th e  
s lo p e , t  he w avelength o f  peak response i s  c a lc u la te d  to  be 3*7 
m icron.
Other low tem peratu re  measurements were made a t  4*0 m icron 
u s in g  an a rse n ic  t r i s u lp h id e  window and in f r a - r e d  monochromator. 
The tem peratu re  c a l ib r a t io n  curve fo r  t h i s  work i s  shorn in  
FIGURE 3*15 and was again  ob ta ined  by m easuring soo t p a r t i c l e  
em ission in t e n s i t i e s  in  shock hea ted  gases o f  known tem pera tu re .
The shock tube tem perature  measurements so f a r  d escribed  have 
been in  shock hea ted  n itro g e n . With a  burn ing  system , th e  
p o s s ib i l i ty  a r is e s  o f r a d ia t io n  from h o t combustion products* 
such as CO2 and H2O, in t e r f e r r in g  w ith  p a r t i c l e  tem perature  
measurements. CO2 and H2O both  em it in  th e  in f r a - r e d  so would 
most l ik e ly  in f lu e n c e  th e  0RP13 r e s u l t s  r a th e r  than  th o se  from 
th e  BPY10. To t e s t  t h i s  p o s s ib i l i ty ,  sim ultaneous tem perature  
h i s to r ie s  from a strongLy burning  cloud  of coal p a r t i c le s  in  
oxygen were compared from th e  two d e te c to rs .  The h i s to r i e s  do 
n o t correspond , FIGURE 3*16, and co n tra ry  to  e x p ec ta tio n  th e  
tem peratu res  de riv ed  from th e  in f r a - r e d  measurements l i e  below
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U$8 wauld have been additive with particle radiation
and le d  to  anomolously h ig h  tem pera tu res. Vilhat seems to  be 
happening i s  t h a t  th e  CO2 and H2O combustion p roducts  ra p id ly  
cool as they  d if fu se  away from th e  re a c t io n  zone a t  th e  p a r t i c le  
su rfa c e . They a re  th e n  e f f e c t iv e  in f r a - r e d  abso rbers  which le ad  
to  low tem perature  measurements. I t  was th e re fo re  decided  to  
use only ra d ia t io n  measurements a t  0*8 micron to  o b ta in  
tem peratu re  h i s to r i e s  from burning  system s.
3 .6 . SUMMARY.
Under c e r ta in  d e fin ed  co n d itio n s  i t  has proved p o s s ib le  
to  measure p a r t i c l e  su rface  tem peratu res as they  a re  hea ted  
in  a  shock hea ted  g as. The method used has invo lved  ra d ia t io n  
in te n s i ty  measurements and t h e i r  c o r re la t io n  w ith  
tem peratu res  th rough  th e  ra d ia t io n  laws o f  P lanck , H en  and 
K irchhoff. In  o rd e r to  do t h i s ,  p a r t i c l e  cloud e m is s iv i t ie s ,  
deduced from l ig h t  beam ab so rp tio n  work, have been combined 
w ith  r a d ia t io n  in te n s i ty  measurements a t  e i th e r  0*8 m icron o r 
3*0 to  4*0 m icron w avelength. The lo n g e r w avelengths were 
used f o r  low tem peratu re  work below 1200°K. By comparing 
measured so o t p a r t i c l e  and known gas tem peratu res a t  
eq u ilib riu m , th e  accuracy o f  tem perature measurements was shown 
to  be around ±  40°K in  the  range 800 and 2000°K.
Two r e s t r i c t i o n s  were found to  e x i s t  in  th e  range o f 
experim ental co n d itio n s  u sab le . These were an upper l im i t  on 
p a r t i c l e  s iz e  o f 35 m icron and a low er l im i t  o f around 0*8 MN/m  ^
on r e f le c te d  shock gas p re s su re . The r e s t r i c t io n s  on p a r t i c l e  
s iz e  were necessa ry  i n  view o f  the  slow d isp e rs io n  r a te s  behind 
th e  in c id e n t shock wave and r e la t iv e  p a r t i c l e  to  gas v e lo c i t i e s  
behind th e  r e f le c te d  wave. The p re ssu re  range r e s t r i c t i o n  was 
a m a tte r  o f convenience when an a ly s in g  p a r t i c l e  h e a tin g  r a t e s .
35
In  a  low p re s su re  gas, th e  h e a t c ap a c ity  was reduced  and subsequent 
o co lin g  by th e  p a r t i c l e s  was. n o tic e a b le . The k in e t ic  th eo ry  of. 
p a r t i c l e  h e a tin g  r a te s ,  w ith  bo th  p a r t i c l e  and gas tem peratu res 
tim e depenedent, i s  th u s  ren dered  more complex and was n o t a ttem p ted .
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DISCUSSION OF RESUITS IN INERT GAS 
ATMQSPTOE3.
4 • 1 • QUALITATIVB ASPECTS,
P a r t i c le  tem peratu re  m easuring tech n iq u es  desc rib ed  in  
S ec tio n  3 were f i r s t  ap p lied  t o  th e  measurement of p u lv e rised  
fu e l  h e a tin g  r a te s  in  shock-heated  n itrogen*  Since p a r t i c l e  
tem peratu res were g e n e ra lly  below 1100°K th e  more s e n s i t iv e  
in f r a - r e d  method was used . The d iscu ss io n  w il l  d ea l w ith  two 
main to p ic s ,  one r e l a t in g  to  th e  measurement o f convective  h e a tin g  
r a te s  and gas to  p a r t i c l e  h e a t t r a n s f e r  c o e f f ic ie n ts  f o r  v a rio u s  
p u lv e r is e d  fu e l  p a r t i c l e s ,  end th e  o th e r  to  th e  d ep artu res  
from s tra ig h tfo rw a rd  convective  h e a tin g  caused by th e  
ev apo ra tion  of v o la t i l e  sp ec ie s  such as w ater vapour*
For a l l  p a r t i c le s  s tu d ie d  the  em ission in te n s i ty  grow ths, 
and hence tem peratu re  h i s to r i e s ,  e x h ib ite d  a  c h a r a c te r i s t ic  
shape as th e  p a r t i c le s  h ea ted  to  gas tem perature* The em ission 
ro se  in  two s tag es  ten d in g  to  reach  a c o n stan t le v e l  b e fo re  
r i s i n g  to  th e  f i n a l  maximum v a lu e . Experim ents m easuring the  
ab so rp tio n  o f l i g h t  by th e  p a r t ic u la te  suspension  showed th a t  
rad iancy  f lu c tu a tio n s  were n o t due to  changes in  th e  p a r t i c l e  
d en s ity  in  th e  cloud. These experim ents rev ea led  th a t  a 
reasonab ly  co n stan t p a r t i c l e  cloud d e n sity  e x is te d  fo r  th e  
d u ra tio n  o f th e  experim ents. The two s tag e  growbh in  em ission 
in te n s i ty  i s  th e re fo re  in d ic a t iv e  o f an a r r e s t  in  p a r t i c le  
tem peratu re  somewhat below i t s  f i n a l  tem peratu re . The maximum 
em ission  in te n s i ty  and an e m iss iv ity  value  o f 0*7 corresponds 
w ith  a p a r t i c l e  tem perature  very  c lo se  to  th e  r e f le c te d  shock 
gas tem peratu re . The complete p a r t i c l e  tem peratu re  h i s to r i e s  f o r
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th e  reco rd s  i n  FIGURE 4»1* a re  shown in  FIGURE 4*>2 and are  
com pletely ty p ic a l  o f many runs c a r r ie d  o u t w ith  sm all 
p u lv e rised  fu e l  p a r t i c le s  between 14 and 35 micron d iam eter 
in  shock h ea ted  n itro g e n  o f tem peratu re  ran g in g  from 
600 to  1000°K.
A l ik e ly  ex p lan a tio n  fo r  such tem peratu re  a r r e s t s  i s  th e  
occurence o f  an endotherm ic re le a s e  o f a v o l a t i l e  component.
This has been examined by observ ing  h e a tin g  r a te s  o f n o n -v o la ti le  
p a r t i c l e s  o f  so o t and g ra p h ite  and a r t i f i c i a l l y  doped g ra p h ite  
p a r t i c l e s .  Also a ttem pts were made to  observe th e  in f lu e n c e  on 
such h e a tin g  r a te s  o f d ry in g  out th e  coal samples. The most 
in s t r u c t iv e  experim ents were those  in  which v a rio u s  forms o f 
g ra p h ite  were shock h e a te d . In  FIGURE 4*3 th e  em ission in te n s i ty  
h i s to r ie s  o f oven d r ie d  and undried  g ra p h ite  p a r t i c l e s  a re  shown. 
The two types o f sample show marked d if fe re n c e s  in  r a te s  o f 
tem peratu re  r i s e .  The u n d ried  sample c lo se ly  resem bles th e  
coal p a r t i c l e  r e s u l t s  in  th a t  th e  tem perature  r i s e  i s  a r re s te d  
f o r  1 .5  to  2*5 m s., depending on th e  m oistu re  co n ten t, p r io r  
to  th e  a tta in m en t o f gas tem p era tu re . A lso so o t p a r t i c l e s ,  
which had approxim ately Vfo m oistu re  c o n ten t, hea ted  very 
ra p id ly  to  gas tem peratu re  w ith no s ig n  o f  a delay  p e rio d ,
FIGURE 4 . 3 . These in d ic a tio n s  th a t  m oistu re  p re se n t in  
th e  p u lv e rise d  fu e l p a r t i c le s  might cause an a r r e s t  i n  t h e i r  
convective  h e a tin g  r a te s  le d  to  a ttem pts to  dry th e  coal 
samples a t  383°K b efo re  shock h e a tin g . P a r t i a l  success in  
t h i s  d i r e c t io n  was achieved a f t e r  i t  was found th a t  th e  d rie d
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ooal was extrem ely  hygroscopic, r e s u l t in g  in  w ater being  
picked up on t r a n s f e r r in g  th e  sample from oven to  shock tu b e . 
Subsequently  runs were c a r r ie d  o u t w ith  th e  minimum de lay  and 
th e  r e s u l t s  o f  h e a tin g  a s o -c a lle d  ’dry* sample and und ried  
sample o f p u lv e rise d  fu e l  a re  shown in  FIGURE 4.4* I t  i s  
apparent th a t  d ry ing  th e  coal has a d e te c ta b le  e f f e c t  and i t  
i s  concluded th a t  m oistu re , g e n e ra lly  4 to  5$ by w eight, i s  
re sp o n s ib le  fo r  th e  tem peratu re  a r r e s t s .  For such an ev apora tion  
p ro cess  to  occur w ell above th e  b o i l in g  p o in t o f  w ater i s  a l i t t l e  
s u rp r is in g  bu t may be due to  th e  w ater m olecules be ing  h e ld  on 
th e  p a r t i c l e  by chemical bonding such as w ater o f c r y s t a l l i s a t i o n .  
The p rocess o f  dehydra tion  would then  be an a c t iv a te d  p rocess  
whose r a te  would be d e sc rib ed  by an A rrhenius ex p ress io n . 
Temperature a r r e s t s  w i l l  be d iscu ssed  l a t e r  on a  q u a n ti ta t iv e  
b a s is .  Q u a lita tiv e ly  sm all p u lv e rise d  fu e l  p a r t i c l e s  appear 
to  h ea t up lo s in g  w ater vapour a t  an in c re a s in g  r a t e  u n t i l  a 
balance i s  achieved between th e  r a te  o f  h e a t in p u t to  th e  
p a r t i c l e  by convection  and th e  endo therm icity  o f  ev ap o ra tio n .
At t h i s  p o in t th e  p a r t i c l e  tem peratu re  rem ains co n sta n t u n t i l  
th e  evapo ra tion  p rocess i s  completed and th e  p a r t i c l e  can th en  
fu r th e r  h e a t to  th e  gas tem peratu re .
4 .2 . CONVECTIVE HEAT TRANSFER.
In  e i th e r  fo rced  or n a tu ra l  convection  th e  r a t e  o f h e a t 
t r a n s f e r  from a gas to  a su rface  i s  g iven  b y :-
N y, k 9 .A .6 T T
^ 3
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FIG. 4.4 THE INFLUENCE OF SAMPLE DRYING ON PARTICLE
TEMPERATURE ARRESTS
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where kg i s  the  therm al c o n d u c tiv ity  o f  th e  gas, & T  th e  
tem peratu re  d if fe re n c e  between gas and su rfa c e , iMu th e  
N usse lt number, 4  th e  a re a  fo r  h e a t t r a n s f e r  and L a l in e a r  
dimension r e la te d  to  th e  s iz e  of th e  su rfa c e . For a s p h e r ic a l 
p a r t i c l e  L = d, th e  p a r t i c l e  d iam eter, and the  exp ression  in  
term s o f  p a r t i c l e  tem peratu re  r i s e  r a te s  becomess-
where and a re  th e  s p e c if ic  h ea t and mass o f  th e
p a r t i c l e  re s p e c tiv e ly .
Three main assum ptions must be j u s t i f i e d  in  applying
equation  (4 -1 ) to  th e  h e a tin g  o f a  coal p a r t i c l e  i n  shock hea ted
n itro g e n . These are th a t  coal p a r t i c l e s  approxim ate to  sp h eres ,
th a t  th e  N u sse lt number i s  tim e independant, and th a t  therm al
g ra d ie n ts  through th e  p a r t i c l e  a re  n e g l ig ib le .  Coal p a r t i c l e s
a re  c e r ta in ly  n o t sp h e r ic a l  but i t  i s  th e  b e s t assum ption which
can e a s i ly  be made. Because o f  such u n c e r ta in t ie s ,  i t  i s  th e  aim
to  determ ine ex p erim en ta lly  th e  q u a n tity  -r— :-----
id .. £  4* - H * .
and n o t to  r e ly  on a th e o r e t ic a l  e v a lu a tio n . In  th e  r e f le c te d
shock reg ion  th e  g a s /p a r t i c le  suspension  should be rendered
s ta t io n a ry  by th e  r e f le c te d  shock wave, in  which case  th e
N usse lt number would be co n stan t and ta k e  th e  v a lu e  o f 2.
F in a lly  tem peratu re  g ra d ie n ts  w ith in  a p a r t i c l e  a re  governed
by th e  r e la t iv e  m agnitudes o f th e  gas and p a r t i c l e  therm al
con d u ctiv ies  and th e  p a r t i c l e  to  gas tem pera tu re  d if fe re n c e .
REF .47.
Carslow and Jaeg e r g ive ex p ressions fo r  th e  v a r ia t io n s  w ith
tim e o f th e  c en tre  and su rface  tem peratu res  o f a sp h e r ic a l 
p a r t i c l e  absorb ing  h e a t through i t s  su rfa c e , and th e se  a re s -
1 A.* . .
where 0  = d im ension less tim e. These ex p ressio n s  ho ld  except
f o r  th e  i n i t i a l  s ta g e s  o f  h e a tin g  and combined g ive  the  
tem peratu re  d iffe re n c e  between c e n tre  and su rfaces
-  A  A o  °w
•lc£NT- “ O ^ a ' S T '  k
For conductive h e a tin g
and f o r  su rfa ce  burn ing  r T herefore  fo r
conductive h ea tin g s
^ • (W^-)
Kv ^  2s
and f o r  su rface  burn ing:
A . ' * (lf,X cx)
I t  i s  seen  then  th a t  -&TSU« ,  c£^ i s  independent o f p a r t i c l e  s iz e
f o r  conductive h e a tin g  and d i r e c t ly  p ro p o rtio n a l to  p a r t i c l e  s iz e
in  th e  case o f  su rfa ce  burn ing . In  th e  p re se n t work th e  maximum
tem perature  g ra d ie n t l ik e ly  to  e x i s t  w ith  conductive h e a tin g  can
be c a lc u la te d  by ta k in g  th e  fo llo« i.ng  v a lu es  f o r  th e  co n s tan ts  in
\ o REE 48.
equation  (4 .2 ) :  kg =* 0*71 and = 2 .5  K
and = 40CPK. These v a lu es  g ive  5 7 °^  th e
tem peratu re  d i f f e r e n t i a l  o r a  maximum d e v ia tio n  o f 29°j4 between
any p o in t in  th e  p a r t i c l e  and th e  mean tem p era tu re . In  p ra c t ic e
t h i s  v a lu e  may be an overestim ate  s in ce  K jk i s  known to
REF.48. '
in c re a se  ra p id ly  above 'fOCPK, th u s  p a r t i c l e  tem pera tu re
g ra d ie n ts  w i l l  be n eg lec ted  d u ring  conductive h e a tin g .
A T
S u R
Equation (4*1) can be in te g ra te d  and pu t in to  a form 
s u ita b le  fo r  a p p lic a t io n  to th e  experim ental r e s u l t s  on p a r t i c l e  
h e a tin g  r a t e s :
-  C N o . K ^ . A .  J  +
T .•’/ . - • w  J a .
M1 f - '  % * -o  1
Lq6^(Ts -  T^ .j) Kv). Kg . A« % .
(T s  -  X jv.a) ~  A. A * * .
oR L 0 6 |O f i ~ T ^  =  & - . *  . . .  . ( ^ 3 )
( V M  > 3
-I
W H C^E 3  -  ^ u * ^ 9 ;  ^  £ « *
/ i .  M
Equation (4*3) r e l a t e s  p a r t i c l e  tem peratu re  w ith  tim e o f 
h e a tin g  and in  t h i s  form i s  ap p lic ab le  to  experim entally- 
determ ined h e a tin g  r a te s  o f 17 and 35 m icron P rin ce  o f Wales 
and 20 m icron Woodside coal p a r t ic le s *  Only th o se  p o rtio n s  o f  
th e  h e a tin g  curves above the  tem peratu re  a r r e s t  have been used 
and FIGURES 4*5 to  4*7 show th e  c o r r e la t io n  ach ieved  f o r  the  
th re e  coals*  In  each case th e  s c a t t e r  in  experim ental d a ta  
i s  co n sid e rab le , up to  + 45# fo r  17 m icron P rin ce  o f Wales coal 
b u t conforms to le ra b ly  w ell w ith  a th e o r e t ic a l ly  p re d ic te d  
s t r a ig h t  l i n e .  The d a ta  in  FIGURES 4*6 and 4*7 perhaps suggest 
th a t  a  decrease  in  s lo p e  occurs a t  th e  h ig h e r va lu es  o f  tim e .
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A. p o s s ib le  ex p lan a tio n  fo r  t h i s  e f f e c t  may be th a t  as th e  mean 
boundary la y e r  tem peratu re  in c re a se s  w ith  tim e , so does th e  gas 
therm al c o n d u c tiv ity . The d e r iv a t io n  o f  (4*3) assumes a mean 
value f o r  kg. The v a lu e  o f  th e  h e a t t r a n s f e r  co n stan t, B, i s  . 
in c lu d ed  w ith  each f ig u r e .
I t  i s  in s t r u c t iv e  to  compare th e o r e t ic a l  and experim ental 
v a lu es  o f  th e  h e a t t r a n s f e r  c o n s ta n t, B, fo r  each c o a l. T h e o re tic a l ly  
fo r  a sp h e r ic a l p a r t i c l e  B i s  in v e rs e ly  p ro p o r tio n a l to  the  
square  o f  th e  p a r t i c l e  dim ension. E xperim entally  f o r  17 and 
35 micron P rin ce  o f Wales and 20 micron Woodside p a r t ic le s  B i s  
a t  th e  most in v e rs e ly  p ro p o rtio n a l to  th e  s iz e  r a is e d  to  th e  
power o f 1.3* T herefore  h e a tin g  r a te s  a re  l e s s  in flu en c ed  by 
th e  median p a r t i c l e  s iz e  than  one would suppose, a  p robab le  
consequence o f  th e  i r r e g u la r  geometry o f m ille d  coal p a r t i c l e s ,  
see  FIGURE 5*3* The same conclusion  i s  reached in  th e  d isc u ss io n  
on p a r t i c l e  ig n i t io n  tem p era tu res , S ec tio n  5«3> where i t  i s  shown 
th a t  i g n i t a b i l i t y  i s  n o t s tro n g ly  dependent on p a r t i c l e  s iz e .  The 
s im p lify in g  assum ption th a t  p a r t i c le s  h e a t to  gas tem perature  
behind th e  in c id e n t shock wave i s  made use o f in  the  d isc u ss io n  
in  S ec tio n  5* Experim ental v e r i f i c a t io n  i s  d i f f i c u l t  f o r  two 
re a so n s . In c id e n t shock tem pera tu res a re  g e n e ra lly  lower than  
650of^  which i s  in s u f f i c i e n t  fo r  adequate r a d ia t io n  in te n s i ty  
measurements and a lso  th e  cloud d e n s ity  and hence e m is s iv ity  
i s  c o n tin u a lly  changing. T h e o re tic a lly  in c id e n t h e a tin g  o f  th e  
p a r t i c l e s  should be ra p id . FIGURE 3*4 i l l u s t r a t e s  th e  v a r ia t io n  
in '.N u s s e l t  number as a 17 m icron sp h e r ic a l p a r t i c l e  t r a v e l s  from 
th e  coal h o ld e r to  th e  m easuring s t a t io n .  An average va lue  o f 
7? a t  th e  h a l f  tim e o f t r a v e l ,  would appear to  be minimal in 'v a lu e
\o\
to  choose. Ilhus th e  h e a tin g  co n s ta n t, B, used in  eq uation  (4*3)
tak es  a va lue  o f some 3*5 tim es g re a te r  than  th e  value  o f 3*1*10^ 
-1
sec. behind the reflected  wave, FI GUI® 4*5* Inserting the values 
B cs 10^ sec.*""', t  -  400 mioroseconds, T5 = T2 83 ^50°K and 
Tp q a 300°K in  equation (4*3) gives a value of 644°K for  
 ^ I t  i s  therefore concluded that p artic les  w ill heat to  
at le a s t  99$ o f behind the incident wave.
4*3* TEMPERATURE ARIiESTS.
A. q u a l i ta t iv e  assessm ent o f  th e  re ta rd in g  in flu en c e  o f 
endotherm ic p ro cesses  on convec tive  h e a tin g  r a te s  o f  p a r t i c l e s  i s  
im portan t fo r  two rea so n s . In  S ec tio n  5 p a r t i c l e  h e a tin g  r a t e s  in  
o x id is in g  co n d itio n s  a re  analysed  and under m ild  o x id is in g  
c o n d itio n s , t h a t  i s  low oxygen c o n cen tra tio n s  o r tem p era tu res , 
p a r t i c l e  h e a tin g  r a te s  a re  s im ila r  to  th o se  in  n itro g e n .
T herefore , a m athem atical trea tm en t o f such h e a tin g  r a te s  
re q u ire s  account to  be tak en  o f p o ss ib le  tem perature  a r r e s t s  
in  th e  i n i t i a l  s tag e s  o f h e a tin g . The endo therm icity  o f th e  
p ro cesses  re sp o n sib le  fo r  tem peratu re  a r r e s t s  may be in d ic a t iv e  
o f t h e i r  n a tu re  and th e  p o s s ib le  sp ec ie s  invo lved .
A h e a t balance  o f h e a t t r a n s f e r  to  th e  p a r t i c l e  w ith  
th e  endo therm icity  o f  th e  p rocess g iv e s :
OR “ 'V .A P .f l.c s -r ) .  1  ARRSST r*
Vo s l
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where Cp i s  th e  h e a t o f re a c t io n , J .  k g .  ,  H  i s  th e  
w eight o f re a c ta n t ,  k g .,  and t ^ ^ ^ i s  th e  d u ra tio n  o f th e  
tem peratu re  a r r e s t ,  sec . The le f t-h a n d  s id e  q u a n t i t ie s  of 
equation  (4*4) a re  e i th e r  known o r m easurable from experim ental 
tem peratu re  h is to r ie s *  S ince th e  r ig h t-h an d  s id e  i s  a co n s ta n t 
fo r  any p a r t i c u la r  c o a l, th en  S - C T j -  T ^ R R g s T ^ i A **e£T 
should a lso  be independent o f  tem p era tu re . Table 4*1 • l i s t s  
va lues o f  t h i s  q u a n tity  fo r  17 m icron P rin ce  o f  Wales coal over 
a gas tem peratu re  range o f 65O to  1380°K. W ithin th e  
experim ental s c a t t e r ,  th e  v a lu es  a re  independent o f  tem pera tu re  
and average 56 °K* I t  was p rev io u s ly  argued th a t  w ater in  th e  
p a r t i c l e  was a l ik e ly  r e a c ta n t  sp ec ie s  and i t  i s  known from 
therm obalance work th a t  17 m ic ra i P rin ce  o f Wales coal has a  
m oisture  co n ten t o f 4*2$  ^ Thus fo r  w ater 0*042
S o lu tio n  o f  eq u atio n  (4*4) fo r  th e  q u a n tity  Q  g ives a 
v a lu e  o f 1*4 MJ. kg’”'*’ o f  w ater, which i s  a  minimum value  s in ce  
no account has been tak en  fo r  th e  p o ss ib le  lo s s  o f  m oistu re
du ring  in c id e n t shock h e a tin g . I t  i s  p o s s ib le  to  t e s t  whether
REP 49 •
t h i s  i s  a p la u s ib le  va lu e  s in ce  F ishbeck and S n a id t have 
concluded th a t  fo r  endotherm ic ev ap o ra tio n , su b lim ation  and 
d is s o c ia t io n  re a c tio n s  in  heterogeneous system s th e  a c t iv a t io n  
energy i s  s im ila r  to  th e  h e a t o f r e a c t io n .  In  o rd e r to  e v a lu a te  
an a c t iv a t io n  energy fo r  th e  p ro cess , i t  has been assumed th a t  
th e  tem peratu re  a r r e s t  tim e i s  in v e rs e ly  p ro p o rtio n a l to  th e  
r a t e  o f  re a c ta n t  consumption. Hence lo g  , 0  X 
should be p lo t te d  a g a in s t \ , In  f a c t  th e  re c ip ro c a l
gas tem peratu re  has been used as more d a ta  i s  a v a ila b le  f o r
\ o 3
TABLE 4.1
RUN NO. t 5° k <T 5 ■ Tp.ARR.) tA R R /'B  b?K
1048 1080 4 .10 '2
1047 1370 I .8 . I 0 '2
1046 670 I.O.IO’2
1045 670 1.4.I0 ’2
1044 700 2 .8 . I0 -2
1043 770 1.2.!0 '2
1041 1060 1.2.10*7
1040 890 1.4.I 0 '2
Av. 1.8.10’ 2
B ( T 5 ‘ T p.ARR) lARR
= 3.1.103 x 1.8.10'2 = 56°K
\<$<+
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t h i s  p lo t  and th e  gas to  p a r t i c l e  tem peratu re  d if fe re n c e  i s
g e n e ra lly  sm all, approxim ately 70°&> a t  the  a r r e s t  point*  The
in flu e n c e  o f gas tem pera tu re  on th e  d u ra tio n  o f tem peratu re
a r r e s t s  i s  shorn in  FIGURE 4*8 w h ile  th e  a c t iv a t io n  energy p lo t
from th e se  r e s u l t s  i s  shown in  FIGURE 4*9* The s lo p e  y ie ld s  a
value o f 1*2 MJ. kg.~^ f o r  E which compares w ell v i th  th e
h e a t o f re a c t io n  v a lu e  o f 1*4 MJVkg.~^* I t  i s  p o ss ib le  to
compare th e se  v a lu es  w ith v a lu es  known fo r  dehydra tion  re a c tio n s
REPS. 50-53
o f v a rio u s  su lp h a te s , carb o n ates  and mixed s a l t s  where w ater i s  
bonded in  th e  form o f c o -o rd in a tio n  complexes. Such re a c t io n s  
a re  endotherm ic by 2 to  4 MJ. kg. ^*of w ater. E vaporation 
occurs i n  the  tem peratu re  range 250 -  600°J< and g e n e ra lly  th e  
a c t iv a t io n  en erg ies  a re  s im ila r  to  th e  h e a ts  o f  re a c t io n . The 
p re sen t d a ta  suggests  t h a t  th e  bu lk  o f w ater i s  somewhat more 
lo o se ly  h e ld  in  p u lv e rise d  fu e l  p a r t i c l e s .
4 .4 . CONCLUSIONS AND SUMMARY.
1 . The convective  h e a tin g  r a te s  of p u lv e rise d  fu e l p a r t i c l e s  in  
shock hea ted  gases can be impeded and o fte n  h a lte d , by sm all 
amounts o f  w ater ev ap o ra tin g  from th e  p a r t i c l e s .
2. The d u ra tio n  o f tem perature a r r e s t s  has been measured as a 
fu n c tio n  o f  gas tem perature  and a th e o r e t ic a l  trea tm en t eq u a tin g  
h e a t t r a n s f e r  to  the  p a r t i c l e  w ith th e  endo therm icity  o f  
ev apora tion  adequately  d e sc rib e s  th e  r e s u l t s .
3. Convective h e a tin g  r a te s  fo r  v a rio u s  s iz e s  and ty p es  o f 
p u lv e rise d  coal have been measured in  th e  absence o f  endotherm ic 
p ro cesses . Equation (4.3)> r e la t in g  p a r t i c l e  tem pera tu re  w ith  
tim e, can be used  to  p re d ic t  tem peratu re  h i s to r i e s  p rov ided  th e  
h e a t t r a n s f e r  co n stan t, B, i s  known. This co n stan t has been
105
measured, and ta b u la te d  f o r  th e  v a rio u s  ooals»
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S E C T I O N *  5 .
DISCUSSION AND RESULTS ON PARTICLES HEAPING IN 
OXIDISING ATMOSPHERES.
5 .1 .  INTRODUCTION.
5o2o GENERAL OBSERVATIONS.
5 .2 .1 .  PHOTOGRAPHIC OBSERVATIONS..
5 .2 .2 .  PRESSURE, HEAT ..TRANSFER AND RADIATION 
OBSERVATIONS *
5 .3 - A MATHIMATICLE TREATMENT OP SURFACE BURNING.
5 .4 . IGNITION TEMPERATURE RESULTS.
5 .5 - PARTICLE TEMPERATURE HISTORY. RESULTS.
5 .5 .1 .  THEORETICLB PARTICLE TEMPERATURE HISTORIES.
5 .5 .2 .  COMPARISON OP EXPERIMENTijiL AND PREDICTED RESULTS,
5.5*3o COAL PARTICLE BURNOUT AFTER VOLATILE IGNITION.
5 06.  SUMMARY.
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5 .1 . INTRODUCTION.
The d iscu ss io n  co n ta in s  a q u a n t i ta t iv e  tre a tm en t o f ig n i t io n  
in  a. p u lv e rise d  fu e l suspension  and a lso  p a r t i c l e  and gas 
tem peratu re  h i s to r i e s  in  th e  i n i t i a l  s tag e s  o f combustion. To 
d a te  th e  m a jo rity  o f m athem atical models have been o f such 
com plexity as to  re q u ire  co n sid erab le  computer cap ac ity  fo r
REFS.54* 55 ,56 . c
s o lu t io n  b u t f re q u e n tly  le s s  a ccu ra te  p re d itio n s  a re  accep tab le  
and th e  p re s e n t r e s u l t s  have been analysed  w ith t h i s  in  mind.
P a r t  o f th e  com plexity o f m odelling  re a l  combustion p la n ts  l i e s  
in  th e  in te rp la y  o f aerodynamic and chemical p ro cesses  in  th re e  
dim ensions. The s im p lif ie d  a n a ly s is  to  be d esc rib ed  here  i s  
p o ss ib le  s in ce  aerodynamic fa c to r s  a re  la rg e ly  e lim in a ted  by 
u s in g  a s tag n an t system , en ab lin g  th e  chem istry  o f th e  p ro cesses  
to  be s tu d ie d  independen tly .
E s s e n t ia l ly ,  a p u lv e rised  fu e l  cloud ig n i te s  and burns as a 
r e s u l t  o f th e  exotherm ic re a c tio n s  o f hydrocarbons d i s t i l l e d  from 
th e  coal and th e  re a c tio n s  o f th e  p a ren t coal o r coke w ith  
surround ing  oxygen. T herefo re , in  o rd er to  p re d ic t  p a r t i c l e  
h e a tin g  r a te s ,  one must know where the  heat, i s  be ing  produced, how 
qu ick ly  i t  i s  be ing  produced and i t s  r a te  o f  t ra n s p o r t  th rough th e  
system . S ec tio n  4 d e a l t  w ith p a r t i c l e  h e a tin g  r a te s  by convection  
in  a n o n -o x id is in g  system . In  S ec tio n  5*2.1 . and 5*2.2 . of t h i s  
d isc u ss io n , photographic evidence, measurements o f p re ssu re  and 
h e a t t r a n s f e r  changes a t  the  tube w all and em ission in te n s i ty  
reco rd s  w il l  be used to  in f e r  th e  o v e ra ll  behaviour o f th e  system 
and to  suggest the  p o s it io n  o f h ea t re le a s e  in  th e  p resence o f 
com bustion. Then in  S ec tio n  5*3* ^n ap p ro p ria te  m athem atical 
tre a tm en t 'w ill be proposed and by means o f i t  th e  measurements 
on ig n i t io n  c r i t e r i a  w il l  be analysed to  y ie ld  k in e t ic  co n stan ts  
d e sc r ib in g  th e  r a te  o f h e a t re le a se d  by exotherm ic o x id a tio n .
WO
The tre a tm e n t i s  f i n a l ly  te s te d  in  S ec tio n  5*5* °y comparing th e  
p a r t i c l e  tem peratu re  h i s to r i e s  i t  p re d ic ts  w ith those
ex p erim en ta lly  determ ined under a. v a r ie ty  o f t e s t  co n d itio n s .
F in a lly , m ention i s  made o f the  maximum gas tem peratu res achieved
d u rin g  combustion and th ese  a re  c o rre la te d  w ith  th e  degree o f
p a r t i c l e  b u rn o u t.
5 .2 . GENERA OBSERVATIONS.
5 .2 . 1 . PHOTOGRAPHIC OBSERVATIONS.
High- speed cine photographs, FIGURE 5»1*» show th e  p rocess o f coal 
d isp e rs io n  and i t s  subsequent ig n i t io n  behind th e  r e f le c te d  shock 
wave. Ig n i t io n  i s  f i r s t  observed a t  th e  end cap p o s i t io n , 
frame 4 , and a h ig h ly  luminous flam e p ropagates back through th e  
coal suspension  in  th e  same d ir e c t io n  as th e  r e f le c te d  shock wave, 
and a t  some tim e a f te r  i t .
Time re so lv ed  em ission in te n s i ty  measurements have been 
recorded  a t  two s ta t io n s  on th e  window s e c tio n  and c le a r ly  show th e  
a r r iv a l  o f  the  luminous flam e f r o n t ,  FIGURE 5*20. From seventeen  such 
measurements, under d i f f e r e n t  t e s t  c o n d itio n s , i t  was e s ta b lis h e d  
th a t  the  flam e f ro n t  d id  indeed o r ig in a te  n ear th e  end o f th e  tube  
and in  th e  m a jo rity  o f cases a c c e le ra te s  back up th e  tube* The 
a c c e le ra tio n  may w ell be due to  r a d ia t iv e  h e a t t r a n s f e r  from th e  
flam e f ro n t  to  th e  co o le r p a r t i c le s  ahead.
Flame p ropaga tion  appears to  be due to  ig n i t io n  of v o la t i l e  
m a tte r  d i s t i l l e d  from th e  h e a tin g  coal p a r t i c l e s .  I f  i t  were due to  
a  ra p id  in c re a se  in  the  coal p a r t i c l e  su rfa ce  tem peratu re  i t s e l f ,  
th en  in d iv id u a l sparks would be re so lv ed  on the  f i lm . In  f a c t ,  
sparks are  seen q u ite  c le a r ly  over the  whole le n g th  o f  th e  tube  
b u t only a f t e r  th e  main lu m inosity  has d ied  down, frame 12 in  
FIGURE 5 . 1 . These a re  p robably  in d ic a t iv e  o f d e v o la t i l is e d  char
W\
FIG. 5.1. HIGH S P E E D  SCHLIEREN PHOTOGRAPHY OF
COAL PARTICLES BURNING IN SHOCK-HEATED O X Y G E N .
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p a rtacx es  burn ing  o u t o r Hot ash p a r t i c l e s  l a t e  i n  th e  combustion 
sequence*
5-2*2* PRESSURE, H M  TRANSFER MD RADIATION OBSERVATIONS*
I t  was shown i n  S ec tio n  3 how ra d ia t io n  in te n s i ty  measurements a t  
0 8  m icrons could  be in te r p r e te d  in  term s o f p a r t i c l e  su rfa ce  
temperatures® Due to  th e  h igh  tem peratu re  dependence oZ r a d ia t io n  
in te n s i ty  a t  0°8 m icrons, i t  i s  n o t p o s s ib le  to  o b ta in , on one 
o s c il lo sc o p e  re c o rd , em ission  in te n s i ty  h i s to r i e s  over th e  whole 
range o f  p a r t i c l e  tem pera tu res  encountered d u rin g  com bustion. Thus 
a  com plete tem pera tu re  h is to ry  f o r  p a r t i c l e s  h e a tin g  from say an 
in c id e n t shock tem peratu re  o f  600°K to  a f i n a l  tem peratu re  o f 
2800°K re q u ire s  se v e ra l sim ultaneous o r  s e p a ra te  measurements a t  
d i f f e r e n t  a m p lif ie r  s e n s i t i v i t i e s .  FIGURE 5*2. i l l u s t r a t e s  r a d ia t io n  
in te n s i ty  v a r ia t io n s  w ith  tim e , which in  term s o f  su rfa c e  
tem peratu res cover a  u se fu l range of. 1900.to  2800°K, th e  maximum 
tem peratu re  reached . I t  i s  a  n o tic e a b le  f e a tu re  th a t  th e  r a d ia t io n  
in te n s i ty  ra p id ly  r i s e s  to  a  maximum v a lu e  a f t e r  a  delay  p e rio d .
T he Onset o f th e  ra p id  r i s e  i s  b e liev ed  to  correspond w ith  th e  
a r r iv a l  o f th e  luminous flam e f r o n t  seen in  th e  h igh  speed c ine  
photographs. A lthough synchronous, pho tograph ic  and o s c il lo g ra p h ic  
reco rd s  were n o t a ttem pted , th e  tim e o f  a r r iv a l  o f th e  flam e f r o n t  
a t  th e  m easuring s ta t io n  was about 1 ms. a f t e r  th e  passage o f  th e  
r e f le c te d  shock wave, when measured from e i th e r  ty p e  o f  ru n . From 
n in e te en  r a d ia t io n  measurements, i t  was found th a t  th e  p a r t i c le s  
had reached between 1700°K and 2000°K b e fo re  th e  on set o f  t h i s  ra p id  
r i s e  i n  em ission, which tem peratu re  i s  above th e  i n i t i a l  gas 
tem peratu re  o f 1000°K to  1300°K. At th e  same tim e, both  p re s su re  and 
h e a t t r a n s f e r ,  recorded  a t  th e  w a ll, commenced r i s in g .  No such 
in c re a se s  were found i n  th e  absence o f th e  luminous flam e f r o n t .
The above o b se rv a tio n s  o f  a  luminous flam e f r o n t  •.accompanied by rapid, 
r i s e s  i n  p re s su re , h e a t t r a n s f e r  and r a d ia t io n  a re  most re a d i ly  
exp la ined  on th e  b a s is  o f a gas phase flam e formed in  th e  v o l a t i l e
lily
products  which have heen d i s t i l l e d  o f f  d u ring  th e  p re h e a tin g  p e rio d . 
The p e rio d  o f h igh  lu m in o sity  w i l l  he termed th e  v o la t i l e
b u rn ing  p e rio d .
Summaadsing the  experim ental o b se rv a tio n s , th e  p a r t i c le s  
h e a t to  around 1800°K and a t  th i s  tem peratu re  th e  v o la t i l e s  ig n i te  
and bo th  coal and v o la t i l e s  burn s im u ltaneously , r a i s in g  th e  
tem peratu re  to  around 2800°K.
In  o rder to  h e a t from gas tem peratu re , u su a lly  around
1000°K to  th e  p o in t o f v o l a t i l e  ig n i t io n ,  th e  p a r t i c le s  must
re c e iv e  h e a t from exotherm ic o x id a tiv e  p ro c e sses . These p ro cesses
seem, l ik e ly  to  occur in  c lo se  prox im ity  t o  th e  p a r t i c l e  su rfa c e s ,
in  c o n tra s t  w ith ex ten s iv e  combustion th roughout th e  gas phase,
which always g ives r i s e  to  in c re a se s  in  p re ssu re  and h e a t
t r a n s f e r  re co rd in g s . P o ss ib le  exotherm ic p ro cesses  in c lu d e  th e
slow o x id a tio n  o f v o la t i l e  m a tte r a t  th e  su r fa c e , su rfa ce  burn ing ,
or even o x id a tio n  w ith in  th e  p a r t i c l e ,  s in ce  p u lv e rised  f u e l  i s
RSPS.57-
known to  have an ex ten siv e  pore s t r u c tu r e .  I t  w il l  be th e
su b je c t of most o f  th e  subsequent d isc u ss io n  to  d esc rib e  th e  
k in e t ic s  o f  o x id a tio n  in  th i s  regime o f combustion, which, in  
what fo llo w s, w i l l  be term ed su rfa c e  burn ing .
5 * 3 .  a  wmm-sic-jj wmmmw o p  s u r fa c e  b u rn in g .
Consider a coal p a r t ic le  h eated  by convection  in  a t e s t  
gas co n ta in in g  oxygen and g e n e ra tin g  h e a t lo c a l ly  by chem ical 
re a c t io n . The to ta l  h e a t rece iv ed  by the  p a r t i c l e  a t  any in s ta n t  
w il l  be th e  sum of th e  in s tan tan eo u s  convective and chemical 
h e a t re le a s e  r a t e s .  Two l im it in g  co n d itio n s  can determ ine th e  
chemical h ea t re le a s e  r a t e .  At h ig h e r tem peratu res th e  r a t e  o f 
r e a c t io n  i s  c o n tro lle d  by th e  r a te  a t  which oxygen d if fu s e s  in to  
th e  re a c tio n  zone, o r sometimes fu e l  i s  made a v a ilab le , in  which 
case we have ’d if fu s io n  c o n tro l le d ’ k in e t ic s .  A lte rn a tiv e ly ,
U S
a t  lower tem p era tu res , th e  chemical k in e t ic s  are slow est and 
we have then  ’chem ical c o n tro l* . ^Diffusion co n tro l aue to  fu e l
a v a i l a b i l i ty  i s  un tenab le  in  th e  p re s e n t work s in c e  oxygen
c o n ce n tra tio n  w i l l  be shown to  have a f i r s t  o rd e r e f f e c t  on th e
r a te  of h e a t re le a s e . L ikew ise, th e  r a t e  o f  d if fu s io n  o f oxygen
to  th e  p rox im ity  o f th e  p a r t i c l e  su rfa ce  cannot be a l im i t in g
p ro cess , s in ce  th e  r a te  of h e a tin g  o f d i f f e r e n t  ty p es  o f p a r t i c l e
would then  be independent o f  the type of p a r t i c l e .  In  f a c t ,  the
h e a tin g  r a te s  a re  n o t, and in  FIGURE 5*3> th e  tim es , f o r  d i f f e r e n t
types o f s im ila r ly  s iz e d  coal p a r t i c l e s ,  to  h e a t to  a f ix e d
tem peratu re  o f  1600°K a re  shown to  be s tro n g ly  in flu en ced  by th e
p a r t i c l e  ty p e . I t  i s ,  th e re fo re , concluded th a t  th e  r a te  o f h e a t
re le a s e  i s  chem ically  c o n tro lle d . Chem ically c o n tro lle d  re a c tio n
r a te s  a re  norm ally  expressed  in  A rrhenius form and i f  th e  re a c t io n
r a te  i s  assumed to  be f i r s t  o rder w ith  re s p e c t to  oxygen, then  th e
h e a t re le a s e  r a t e  w il l  be g iv en  b y :-
-.SL
(&S\ r -I
A  wm-t s .
I t  i s  here  assumed t h a t  th e  r e a c ta n t  tem peratu res a re  e s s e n t ia l ly  
a t  p a r t ic le  tem p era tu re , which would be t ru e  w ith  su rface  
re a c t io n s . The convective h e a t t r a n s f e r  r a te  from gas to  
p a r t ic le  i s  g iven  b y :-
T herefore  combining the  two to  g e t th e  n e t t  h e a t in p u t r a t e  
to  th e  p a r t i c l e  we g e t : -
(isS)^ = + B'(T s ~ v a-tts.
C onverting t h i s  to  a p a r t i c l e  h e a tin g  r a t e  g iv e s :-
( S ) jk =  +  B - ( T S -  —  (& *)
Equation (5« i* ) o r ones o f  s im ila r  form were f i r s t  used with 
REPS .58 » kEPS. 59.
success by Semenov and Frank-K sm enetskii to  p re d ic t  ig n i t io n
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c r i t e r i a  f o r  exp losive  gas m ixtures con ta ined  in  v e s se ls  exposed
to  v a ry in g  ambient tem p era tu res . The equations have s in ce  been
extended, w ith  v a rio u s  m o d if ic a tio n s , by many workers to  d e sc rib e
REFS .60 ~ 66.
s e l f -h e a t in g  in  a l l  th re e  phases. The c h ie f  d i f f i c u l ty  in  th e  
p a s t has been in  in te g r a t in g  th e  exp ression  wnen tem peratu re  
v a r ia t io n s  w ith tim e have been re q u ire d . U n fo rtu n a te ly , an 
e x p l ic i t  so lu tio n  i s  n o t a v a ila b le  and reco u rse  to  e i th e r  num erical 
in te g ra t io n  o r an a n a ly t ic a l  approxim ation to  th e  ex p o nen tia l 
must be made. In  t h i s  work, both  procedures vri.ll be adopted. 
F i r s t l y  approxim ations to  th e  ex p o n en tia l w il l  be made in  o rd e r 
th a t  eq u atio n  (5 * 1 .) can be a p p lie d  to  measurements on ig n i t io n  
c r i t e r i a  and secondly num erical in te g ra t io n  w i l l  be used f o r  
c a lc u la t in g  th e o r e t ic a l  p a r t i c l e  and gas tem peratu re  h i s to r i e s .
But f i r s t  th e  q u a l i ta t iv e  behaviours o f  equation  (5«1 .) w il l  be 
examined and then  i t  w i l l  be used q u a n t i ta t iv e ly  in  S ec tio n  5*4« 
and 5 . 5 . The equation  can give r i s e  to  two p h y s ic a lly  d i s t i n c t  
tem peratu re  h i s to r i e s  depending on th e  r e l a t i v e  magnitudes o f th e  
p o rtio n s  re p re se n tin g  h e a t g en era tio n  and lo s s .  Heat lo s s  occurs 
by convection  when th e  p a r t ic le s  are h o t te r  than  th e  gas. Heat 
g en era tio n  and lo s s  curves are shown diagram m atically  in  
FIGURE 5*4* where th e  l in e s  re p re se n t convective  h e a t lo s se s  
and th e  ourves h e a t g en e ra tio n  by o x id a tio n . The ty p es  o f 
tem peratu re  h i s to r ie s  which th ese  curves g ive  r i s e  to  a re  drawn 
in  FIGURE In  case (1) where h e a t g en e ra tio n  always exceeds
h e a t lo s se s  the  tem peratu re  m i l  r i s e  con tinuously  and combustion 
o r exp losion  w il l  be observed. Case (2) i s  unique and corresponds 
to  a  c r i t i c a l  steady  s ta t e  co n d itio n  where h e a t g a in s  and lo s s e s  
become equal and remain so u n t i l  r e a c ta n t  consujnption becomes 
im portan t. I t  a lso  s p e c if ie s  th e  maximum ambient gas tem pera tu re  
a given system can s u s ta in  w ithout ig n i t in g .  In  case (3) h e a t 
lo s se s  and gains are equal a t  two tem p e ra tu res ; however, only 
th e  low er one g iv es  r i s e  to  a s ta b le  s teady  s t a t e .  This a r is e s
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from th e  f a c t  th a t  th e  r a t e  o f h e a t lo s s  in c re a se s  more ra p id ly
above t h i s  -tem perature than  do h e a t g a in s , P a r t i  c l e -tem pera tu re  
h i s to r i e s  v e r i f y  th a t  th e  p u lv e ris e d  fu e l  suspension  can e x h ib it
th e se  th re e  c h a r a c te r i s t i c  s ta t e s  when shock h ea ted , A s e r ie s  o f
p a r t i c l e  tem peratu re  h i s to r i e s  fo f  17 micron P rin ce  o f Wales coal
in  a i r ,  shock h ea ted  to  vario u s  tem peratu res shows c le a r ly  th e
dem arcation between th e  ig n i te d  and n o n -ig n ite d  s t a t e ,  FIGURE 5*15-
The c r i t i c a l  gas tem perature  fo r  p a r t i c l e  su rfa ce  ig n i t io n  i s  in
th i s  case 1160 to  1200°K. A s im ila r  s i tu a t io n  e x is t s  in  oxygen
a t  low er r e f le c te d  shock tem p e ra tu res . U n fo rtu n a te ly , tem peratu re
h i s t  o res from th e  in f r a - r e d  ra d ia t io n  measurements have been shown
to  be in a c c u ra te  in  a  strongLy re a c tin g  suspension . However, th e
ra d ia t io n  growth must a t  l e a s t  be a q u a l i ta t iv e  in d ic a t io n  of how
th e  o v e ra ll  tem perature  i s  in c re a s in g  in  th e  system . For t h i s
reaso n , a fam ily  o f em ission in te n s i ty  h i s to r i e s  a re  shown in
FIGUKE 5*6 f o r  a  s e r ie s  o f  r e f le c te d  shocks in  oxygen. Once ag a in ,
th e  th r e e  s t a t e s  a re  dem onstrated. These experim ents th e re fo re
len d  support to  th e  a p p l ic a b i l i ty  o f t h i s  tre a tm e n t.
In  FIGURE 5*7 are  p lo t te d  experim ental v a lu es  o f ig n i t io n  
tem peratu res as determ ined by v is u a l  o b se rv a tio n . Ig n i t io n  
tem peratu res are h e re  being  d efin ed  as the minimum r e f le c te d  shock 
gas tem peratu res to  produce copious spark  fo rm ation  fo r  th e  
p a r t i c u la r  experim ental conditions*  I t  was shown, S ec tio n  2 .6 , 
th a t  any in c re a se s  above th e se  tem peratu res gave r i s e  to  th e  
luminous f la s h  which has been a sso c ia te d  w ith  v o l a t i l e  ig n i t io n .
I t  i s  in tended  to  t r e a t  th e  ig n i t io n  tem pera tu re  r e s u l t s  on the  
assum ption th a t  they correspond to  case (2) s i tu a t io n ,  th e  c r i t i c a l  
co n d itio n  fo r  su rface  ig n i t io n .  Care must be ex e rc ised  to  avo id  
confusion  between su rfa ce  ig n i t io n  and v o la t i l e  ig n i t io n  b u t in  
th i s  in s ta n c e  th e  occurrence o f v o la t i l e  ig n i t io n  i s  a consequence 
o f  su rface  ig n i t io n  and th e re fo re  can  be used as an in d ic a to r  fo r
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su rface  ig n i t io n .
In  o rd e r th a t  equation  (5*1•) may be ap p lied  to  th e  ig n i t io n  
tem perature  r e s u l t s ,  th e  fo llo w in g  tran sfo rm a tio n s  w ill  he made:- 
By d e f in in g  a d im ension less tem perature^ t) ~ R-p2- -  T J
£ Tsq  Ewe g e t:  -  —  — U — r —
T *  R T S
and (T *. J Ts) = E.
S u b s ti tu t in g  th e  l a s t  two exp ress io n s  in  equation  (5*1*) g ives;
, , , ,  -  M 3 l e _
E
At th e  c r i t i c a l  ig n i t io n  tem perature, x , th e  r a t e  o f tem pera tu re
•  •  •  ( ^ - \  -  nr i s e  i s  zero , i . e .  w
. \ L o s j 9 a }  = L og R Bts6 & +  -----------   . . - . ( S i )
E A ^  9  > 3 R T , , ,
Two approxim ations w il l  now he in tro d u ced  in to  eq u atio n  (5 -2 ) which
w ill  em ininate th e  tem perature  term s in  th e  ex p ress io n :ft* B 0
L . O  <5 
E A £  T*-
Namely th a t  Q a .’n d  T s  a re  co n stan t a t  c r i t i c a l i t y .
T *
The approxim ation th a t  0  *  I a t  c r i t i c a l i t y ,  was f i r s t
REF.67o REF.,50*
p o in ted  ou t hy Todes and Semenov ana v e r i f ie d  ex p erim en ta lly  hy 
REPS .68.
v a rio u s  w orkers. The v a l id i ty  o f  th e  approxina t io n  depends
on th e  value  of E, th e  a c t iv a t io n  energy and i t  has been shorn 
th a t  th e  la r g e r  th e  v a lu e  of B, th e  b e t te r  th e  approxim ation 
th a t  © -  t .  R e fe rrin g  to  S ec tio n  5*4? t te  v a lu e  o f E fo r  the  
coal suspensions s tu d ie d  i s  57 k J. mole .and v a lu es  f o r  T g  and \jp 
a t  c r i t i c a l i t y ,  can be read  from FIGURE 5*15 f o r  17 micron coal 
p a r t i c le s  burn ing  in  a i r .  Thus 0  i s  c a lc u la te d  to  be 0.73> a 
va lue  lov/er than  u n ity , due to  tn e  low value  of a c t iv a t io n
Tenergy. Also E Q«c^ which compares w ell w ith the  
\  ‘
121*
approxim ateon that *TI «  H[~ used by Gray and H arper in  t h e i r
th e o r e t ic a l  trea tm en t o f therm al exp lo sio n s. S u b s ti tu t in g  in to  
equation  (5«2) now g iv e s ;-
Equation (5 .3 )  i s  alm ost id e n t ic a l  w ith  t h a t  de riv ed  by Gray and
kef£9°
H arper, th e  d iffe re n c e  b e in g  th a t  the f a c to r  0*38 becomes 0*37 
t h e i r  eq u a tio n . The p re se n t d e r iv a tio n  i s ,  however, more rig o ro u s  
in  t h a t  no approxim ations have been in tro d u ced  in  expanding th e  
ex p o n en tia l. Equation (5*3) th en  g iv es  th e  re q u ire d  c o r re la t io n  
between th e  minimum r e f le c te d  shock gas tem peratu re  f o r  ig n i t io n  
and th e  oxygen co n cen tra tio n  in  th e  t e s t  gas. The c o r re la t io n  i s  
examined in  the fo llo w in g  S ec tio n  5*4*
5*4. IGNITION TEMPBiATURB RESULTS.
The r e s u l t s  o f p lo t t in g  th e  experim ental r e s u l t s  in  
FIGURE 5*7 in  the  foim demanded by eq u ation  (5*3) a re  shown in  
FIGURE 5*8. The l i n e a r i t y  f o r  each co a l s iz e  i s  good and over a 
f iv e fo ld  range in  p a r t i c l e  s iz e ,  th e  a c t iv a t io n  energy fo r  th e
r a te  o f  h e a t re le a s e  i s  s e n s ib ly  co n stan t a t  57 k j .  mole. This
va lue  i s  co n sid e rab ly  low er than  v a lu es  quoted f o r  homogeneous
gas phase o x id a tio n s  o f hydrocarbons such as octane which has been 
REF. 70. m
re p o rted  to  have an a c tiv a t io n  energy o f 360 k J . mole,> and 145kJ.
REF. 71*
mole fo r  propane and m ethylcyclohexane. I t  i s ,  however, in  l in e
w ith  va lues o f 50 to  75 k J . mole quoted by Loison fo r  the  r a t e  o f
h ea t re le a s e  in  th e  e a r ly  p a r ts  o f a la rg e  p u lv e rise d  fu e l  flam e
Risf- 73®
and 75 k J. mole, found by Sherman, P ilc h e r  and O stborg who 
in v e s tig a te d  th e  s e lf -h e a t in g  r a te s  o f p u lv e rise d  fu e l p a r t i c l e s
o v e ra ll a c t iv a t io n  e n e rg ie s  but th e  low v a lu es  do suggest th a t
\
REF.72,
i n  packed beds. I t  i s  dangerous t o  in f e r  a mechanism from
12.5
LOG
PRINGE OF WALES COAL
O 18 pm 
+  35 -45  
A 87 |im
14.012.08.0 10.0
IQ4
t 5 ig  ° k
FIG. 5.8 THE INFLUENCE OF OXYGEN CONCENTRATION ON IGNITION TEMPERATURES
136
R S / G . H . L T D ( C O N ) ( 9  6 6 9 ) R L  4 3 I 196
FlG. S.S. COf\L HILLED T O  ft&OOT A O p .
M l
th e  i n i t i a l  s tag es  o f  p u lv e rise d  fu e l o x id a tio n  a re  m ech a n is tic a lly  
d is s im ila r  from homogeneous hydrocarbon m ixtures and th e re fo re  
support th e  view th a t  hydrocarbon burn ing  does not become im portan t 
in  th e  k in e t ic s  u n t i l  h ig h e r  p a r t ic le  tem peratu res a re  a t ta in e d .
Two th e o r ie s  on th e  mechanism o f coal p a r t i c l e  ig n i t io n  have 
p re v io u s ly  been proposed. These a re  th e  v o la t i l e  ig n i t io n
REFS .74* REF.75*
th eo ry  and the su rface  ig n i t io n  th e o ry . The form er s t a t e s  th a t
th e  energy source f o r  ig n i t io n  r a i s e s  the p a r t ic le  tem pera tu re  to
a p o in t where th e  p a r t ic le  evo lves gaseous p ro d u c ts . On m ixing
w ith  th e  ox idan t g as, an inflam m able m ix ture  i s  formed which ig n i t e s .
The h e a t fe d  back from th e  surrounding  d if fu s io n  flam e i s  th en
s u f f ic ie n t  to  m ain ta in  d e v o la t i l i s s t io n  and ig n i te  th e  char a t  the
end o f the  d e v o la t i l i s a t io n  p e rio d . This sequence o f even ts has
REF74.
been fo llow ed  by K allend  and N e ttle to n  who measured the  v o l a t i l e
burn ing  tim es o f  s in g le  cap tiv e  coal p a r t i c l e s .  A. s im ila r  ty p e  o f
KEF.76.
experim ent was perform ed by E ssenhigh. The su rfa c e  ig n i t io n
th eo ry  ho lds t h a t  in d iv id u a l p a r t i c l e s  s e l f - h e a t  by su rfa c e
REFS. 75 ? 77? 73 yS 9<>.. 
o x id a tio n  which may o r may n o t be follow ed by v o la t i l e  ig n i t io n .
The author in c lu d es  th e  p re se n t work in  th is  c a te g o ry . I t  would
appear t h a t  th e  two modes o f ig n i t io n  may w ell depend on th e
experim ental co n d itio n  and the  h e a tin g  r a te s  of th e  p a r t i c l e s  may
2. j —• 1
be p a r t ic u la r ly  im p o rtan t. The h e a tin g  r a te s  range from \Q  <dao.K»S*
* -* J
w ith  la rg e  s in g le  p a r t i c l e s  to  \Q  cUq.K.S. in  suspensions o f sm all
p a r t i c le s .  Now f o r  v o la t i l e  ig n i t io n  to  be p o s s ib le , c e r ta in
c r i t e r i a  must be f u l f i l l e d ,  one b e in g  th a t  the low er flam m ab ility
l im i t  must be exceeded in  the gas phase, which in  tu rn  re q u ire s
a c e r ta in  minimum degree of p a r t ic le  d e v o la t i l i s a t io n . The
in flu en ce  of p a r t i c l e  h e a tin g  r a te s  on degrees of d e v o la t i l i s a t io n
REF. 80.
has been s tu d ie d  by Jungten and Heek who showed th a t  as th e  h e a tin g  
r a te  was in c reased , so th e  p a r t ic le  tem p era tu re  f o r  a f ix e d  degree 
Of d e v o la t i l i s a t io n  increased ., This su g g ests  t h a t  low  h e a tin g
\as
r a te s  f a c i l i t a t e  v o l a t i l e  ig n i t io n  a t  low p a r t i c l e  tem p era tu res .
On th e  o th e r hand, i f  v o la t i l e  ig n i t io n  i s  de layed , hy in c re a s in g  
th e  h e a tin g  r a t e ,  u n t i l  h ig h e r p a r t i c l e  tem peratu res i t  may be 
p o ss ib le  f o r  su rfa c e  re a c tio n s  t o  commence befo re  th e  o n se t o f 
v o l a t i l e  ig n i t io n .  In  th e  p re se n t work h e a tin g  r a te s  are  
about (OrA&g.K* So fav o u rin g  su rfa ce  ig n i t io n  follow ed by 
v o l a t i l e  ig n i t io n  a t  h ig h e r p a r t i c le  tem p era tu res  l a t e r  in  th e  
sequence o f combustion.
Turning now to  th e  in f lu e n c e  of p a r t i c l e  s iz e  on th e  k in e t ic s
o f su rfa ce  o x id a tio n , we see  in  FIGURE 5*7 th a t  in c re a s in g  p a r t i  c le
s iz e  in c re a se s  th e  ig n i t io n  tem p era tu re . This i s  in  l in e  w ith
alm ost a l l  p rev ious w orkers1 f in d in g s . The to t a l  ch an ica l r a te
of re a c tio n  should  be p ro p o rtio n a l to  th e  t o t a l  a v a ila b le  su rfa ce
a rea  but i t s  therm al e f f e c t  depends on th e  mass and hence volume
of th e  p a r t i c l e .  This i s  expressed  by a su rfa c e  to volume r a t i o ,
S.V. r a t i o ,  which I s  in v e rs e ly  p ro p o rtio n a l to th e  p a r t ic le  ra d iu s  fo r
a sp h e r ic a l  p a r t i c l e .  Id e a lly  th en  the se p a ra tio n  o f the  l in e s  in
.
FIGURE 5«8 should  be equal to  L O G , — - . For the  th re e  s iz e s
°
quoted in c re a se s  roughly  in  m u ltip le s , o f tim es two, g iv in g
a th e o r e t ic a l  s e p a ra tio n  o f 0*3 between each l i n e .  The a c tu a l 
s e p a ra tio n  i s  le s s  th a n  t h i s ,  being  approxim ately 0  2 a t  770°K 
and te n d in g 'to  zero as the tem perature  i s  in c re a se d  above about 
1100°K. The th e o r e t ic a l  va lue  o f  0*3 i s  based on the assum ption 
th a t  th e  e f f e c t iv e  area f o r  chemical re a c t io n  I s  equal to  th e  
geom etric su rfa c e  a re a  o f  a sp h ere . Coal p a r t i c l e s  can d i f f e r  
co n siderab ly  from th is  id e a l in  two re s p e c ts .  The shape o f an 
in d iv id u a l p a r t i c l e  crushed to  below 100 m icrons median d iam eter 
i s  very  i r r e g u la r ,  FIGURE 5 .9  and th e  term  median d iam eter in  f a c t  
covers a  wide range o f p o s s ib le  dim ensions. In  g e n e ra l, th e  more 
i r r e g u la r  th e  geometry, th e  le s s  dependent does th e  S.V. r a t i o  become
on th e  s iz e  o f th e  p a r t ic le s o  In  a d d itio n , coal i s  known from gas
REFS § 7 f
ab so rp tio n  s tu d ie s  to  he very  porpus. This r a is e s  th e  
p o s s ib i l i ty  o f re a c tio n  w ith in .a t  l e a s t  p a r t  o f th e  p a r t ic le *
In  the l im i t  vfoen p o ro s ity  i s  g re a t enough and re a c t io n  r a te s  a re  
slow enough n o t to  be impeded by d if fu s io n  l im i ta t io n s ,  th en  th e  
therm al e f f e c t  of a chem ical o x id a tio n  becomes independent of 
p a r t i c le  s iz e .  This may b e p a r t  o f th e  reason  why p a r t i c l e  s iz e  
becomes unim portant in  de term in ing  ig n i t io n  tem p era tu res  above 
about 1100°K, th e  h ig h e r tem peratu res hav in g  increased th e  
p o ro s ity , perhaps by p a r t i a l  d e v o la t i l i s a t io n ,  to  such an e x te n t 
as to  allow  f r e e  passage o f the o x id is in g  gas to  ,th e  i n t e r i o r  o f 
th e  p a r t i c l e .
5*5- PARTICLE TJMPERATURE HISTORY RESULTS.
5 .5 . 1 . THEORETICS PARTICLE TEivlPEiATURS HISTCRY 
C JjCUI/iTIONS.___________
In  S ec tio n  (5*4) ig n i t io n  tem pera tu res  were discusseL in
r e la t io n  to  a  m athem atical tre a tm en t based on s e l f - h e a t in g  o f th e
p a r t i c l e s  to  a tem perature a t  which th e  v o la t i l e s  then  ig n i te d .
In  o rd er to  c a lc u la te  th e  course o f th e  p a r t i c l e  tem peratu re  w ith
tim e, th e  co n stan ts  A, B and E a re  re q u ire d  f o r  equation  ( 5 .1 .)
From the  ig n i t io n  tem peratu re  d a ta  E was seen to  be 57 k J . mole
and from th e  in te r c e p ts  in  FIGURE 5*8 v a lu es  o f the  r a t i o  B can be
A.
ev a lu a ted , th e  in te r c e p ts  a re  l i s t e d  in  FIGURE 5*8. F in a l ly ,  from 
th e  measurements o f p a r t i c l e  h e a tin g  r a te s  in  n itro g e n , S ec tio n  4, 
h e a t t r a n s f e r  c o n s ta n ts , B, f o r  th e  v a rio u s  co a ls  a re  a v a ila b le  in  
FIGURES 4*5 "to 4*7* The combined use o f th i s  d a ta  perm its  
th e o r e t ic a l  tem peratu re  h is to ry  c a lc u la t io n s  to  be made and th e  
choice t h a t  remains i s  whether to  seek an approxim ate in te g ra te d  
so lu tio n  f o r  equation  (5*1) or employ num erical in te g ra t io n .
REF. 69o
Gray and H arper have o u tlin e d  a method f o r  o b ta in in g  an 
approxim ate in te g ra te d  so lu tio n  and i t  i s  based on the rep lacem ent
\  3 0
o f th e  exponen tia l term  J2. by a q u a d ra tic  exp ressio n ,f+ g B * . WB,
where th e  c o e f f ic ie n ts  f , g  and h a re  chosen to  g ive  th e  b e s t  
agreem ent between q u a d ra tic  and exponen tia l term s over th e  range
f o r  tem peratu re  ranges o f a few hundred deg rees . In  t h i s  work, 
th e  range i s  -ty p ica lly  from 600 to  1600°K and a f t e r  s ev e ra l 
a ttem pts i t  was found im possib le  to  o b ta in  a s a t i s f a c to r y  f i t  
between the  t r u e  and approxim ated ex p ress io n  over th e  re q u ire d  
tem perature  span so th e  method was abandoned in  favour o f 
num erical in te g r a t io n .  I d e a l ly ,  f i n i t e  s te p  in te g ra t io n  i s  b e s t  
s u i te d  fo r  computer so lu tio n  b u t th e  p re sen t s im p lic ity  o f 
equation  (5»1) i s  such th a t  a  s in g le  tem peratu re  h is to ry  can 
be s l id e  r a l e  c a lc u la te d  w ith good accuracy in  about 30 m inutes.
A ty p ic a l  procedure f o r  s l id e  ru le  s o lu tio n  i s  s tra ig h tfo rw a rd  
and an example o f a tem peratu re  h is to ry  c a lc u la t io n  i s  g iven in  
FIGURE 5 .1 0 . Hie p a r t i c l e  tem perature  a t  time zero when r e f le c te d  
shock h e a tin g  commences i s  assumed to  be equal to  th e  in c id e n t 
shock tem peratu re . This assum ption was shown to be v a l id  in  
S ec tion  4»2 where i t  was estim ated  th a t  convective  h e a tin g  r a te s  
would be s u f f ic ie n t  behind th e  in c id e n t shock wave to  h e a t th e
and, depending on i t s  m agnitude, a tim e s te p  i s  cnosen such th a t  
approxim ately a 50°K r i s e  in  p a r t i c l e  tem peratu re  w il l  be achieved
invo lve  about f i f t e e n  tim e s te p s . In  t h i s  work, fo r ty  tem pera tu re  
h i s to r ie s  a re  shown, FIGURES 5*12 to  5*18» so i t  was decided , in  
the  in t e r e s t s  o f c l a r i t y ,  to  c a lc u la te  only those  tem peratu re  
h i s to r ie s  a t  th e  high  and low gas tem peratu re  end o f each fa m ily * 
The r e s u l t s  of such c a lc u la tio n s  a re  sho-m in  FIGURES 5«12 to  5»18 
fo r  17 and 35 micron P rin ce  o f 'tfales coal p a r t i c l e s  f o r  v a r io u s
o f 0 to  be exp lored . Normally, th i s  method i s  s u ita b le  only
p a r t i c le s  to  over 99$ o f . i s  then  ev a lu a ted
with th a t  va lue Norm ally, a complete h is to r y  would
\3V
IN IT IA L CONDITIONS COAL
HEATING EQUATION:
17 pm PRINCE OF WALES
I I00°K  
700°K 
5.9 kg.m'3 
22 -
d_T
dt
= A 102 e
- E /R .T .
+ B ( T 5 - T  ) °K s'
= 3.8 I08 e ' 6500 T P + 3.1 I03 (1100- T p) °K . s ' 1
T p °K t pS
T -  0K.»-1
dt p
dt pS dTp °K T g °K dTS = - | < T P - T g ) . d t  ° K . ;
700 0 1.3 I06 50 65 1100 -2.8
765 50 l . l  I06 50 55 1097 -2.3
820 100 9.9 105 50 50 1095 -1-9
870 150 9.1 I 0 5 50 46 1093 -1.6
916 200 8.6 I0 5 50 43 1091 -1 .2
959 250 8.5 I0 5 50 43 1090 -0.9
1002 300 8.5 I05 50 43 1089 -0.6
1045 350 9.0 I 0 5 50 45 1088 -0.3
1090 400 1.0 I0 6 50 50 1088 0
1140 450 l . l  I06 50 57 1088 +0.4
1197 500 1.3 I06 50 67 1088 +0.8
1264 550 1.7 106 50 85 1089 + 1.2
1349 600 2.4 106 30 72 1090 + 1.1
1421 630 2.8 106 20 56 1091 +0.9
1477 650 3.6 I0 6 20 72 1092 + 1.1
1549 670 4.4 106 20 87 1093 + 1.1
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t e s t  gases and r e f le c te d  shock tem p era tu res .
5 . 5 .2 . COMPARISON OF EXPERIMENTAL MD P-tSDICTED RESULTS
One t e s t  o f  th e  degree of agreement between th eo ry  and 
experim ent has been chosen and th a t  i s  to  compare p re d ic te d  and 
measured tim es fo r  p a r t i c l e s  to  h e a t to  16C0°K, a. tem perature  
c lo se  to  th a t  a t  which v o la t i le  ig n i t io n  will, take  p la ce . In  
p r a c t ic a l  combustion system s, th is  ty p e  o f c a lc u la tio n  would be 
equ iv alen t to  p re d ic tin g  ig n i t io n  tim es and hence flam e d is ta n c e  
from th e  burner mouth. But f i r s t l y ,  i t  i s  in s t r u c t iv e  to  a sse ss  
q u a l i ta t iv e ly  the  agreement by see in g  how w ell th e  measured 
tem peratu re  h i s to r ie s  l i e  w ith in  th e  upper and lower c a lc u la te d  
l im i t s  fo r  each fam ily  of cu rves. For 17 micron p a r t i c l e s ,  th e  
agreement i s  encouraging fo r  a l l  t e s t  gas considered  but th e  
same cannot be s a id  fo r  35 micron p a r t i c l e s .  In  a l l  c a se s , th e  
p re d ic te d  p a r t i c le  h e a tin g  r a t e s  a r e  co n sid erab ly  low er than  
those  m easured. I t  seems l ik e ly  th a t  in  th e  case o f  35 micron 
p a r t i c l e s ,  we can no lo n g e r consider th e  p a r t i c l e  iso therm al 
under cond itions o f ra p id  su rface  o x id a tio n . I t  was shown 
in  S ec tion  4 * 2 ., eq uation  (4*2a) th a t  under convective 
h e a tin g  therm al g ra d ie n ts  were sm all and independent o f p a r t i c l e  
s iz e ,  w ith su rfa ce  burn ing , therm al g ra d ie n ts  are  p ro p o r tio n a l 
to  p a r t i c l e  s iz e ,  so  i t  i s  n o t unreasonable to  expect such 
g ra d ie n ts  and high  su rface  tem peratu res in  o x id is in g  co n d itio n s  
where the h e a t in p u t r a t e  a t  th e  su rface  can be many tim es 
g re a te r  than  convective g a in s . C a lcu la tio n  of th e  sp a c ia l 
v a r ia t io n  of tem perature  i s  o u ts id e  th e  scope o f the  
sim ple m athem atical model and so was n o t a ttem pted .
The q u a n ti ta t iv e  agreement fo r  17 m icron p a r t i c l e  r e s u l t s  
was assessed  by comparing th e o r e t ic a l  and experim ental v o la t i l e
j.sajiKLon names.. -The comparison i s  nhown in...FIGURE 5 .1 9 . The 
f i t  i s  g e n e ra lly  good except a t  th e  low est tem p era tu res , below 
950°K, where th e  p re d ic te d  tim es a re  too  fa s t*  This discrtspancy 
i s  probably  accounted fo r  by ta k in g  in to  c o n s id e ra tio n  th e  
a r r e s t in g  in f lu e n c e  on p a r t i c l e  h e a tin g  r a t e s ,  o f ev ap o ra tiv e  
p ro cesses  fo r  example w ater vapour a t  low tem p era tu res . T h is 
phenomenon was d iscu ssed  in  S ec tio n  4 where i t  was shown t h a t  
tem peratu re  a r r e s t s  occurred  a t  low  gas tem p era tu res , below 
about 1G0CPK, f o r  p e rio d s  up to  1 m .s. depending on th e  gas 
tem pera tu re , FIGURE 4*8. A. c o rre c te d  th e o r e t ic a l  l in e  was 
c a lc u la te d  f o r  v o l a t i l e  ig n i t io n  tim es by assuming th a t  th e  
tim es to  ig n i t io n  were equal to  th e  u n co rrec ted  tim es minus th e  
tem peratu re  a r r e s t  tim es from FIGURE 4*8 a t  th e  a p p ro p ria te  
tem p era tu re . The c o rre c te d  l in e  i s  a lso  shosra in  FIGURE 5*19 
and now shows an improved f i t  and good agreement over th e  ah o le  
tem peratu re  range.
So f a r  th e  model d esc rib ed  has assumed th a t  th e  gas 
tem pera tu re , T g ,  i s  co n stan t w ith  tim e . This assum ption i s  
p e r fe c t ly  reasonab le  f o r  th e  r e s u l t s  considered  h e re , inhere, 
due to  th e  h ig h  r e f le c te d  shock p re ssu re s  o f  over 1 MN/m ,^ th e  
therm al c ap a c ity  cf th e  gas i s  a t  l e a s t  tw enty tim es th a t  of the 
p a r t i c le s  and hence a c ts  as a ’’p e r f e c t’1 h e a t s in k . The 
s i tu a t io n  could be somewhat a l te r e d  i f  one considered  a  
s to ic h io m e tr ic  m ixture of coal and oxygen., Here th e  h e a t r e le a s e  
in  the  |) r e - v o la t i l e  ig n i t io n  regime may r a i s e  the  gas tem peratu re  
s u f f ic ie n t ly  to  re q u ire  a m o d ifica tio n  o f th e  model to  in c lu d e  
such an e f f e c t .  Although experim ents w ith s to ic h io m e tr ic  fu e l 
to  oxygen r a t i o s  have n o t been c a r r ie d  o u t, th e  method o f 
c a lc u la t io n  i s  i l l u s t r a t e d  in  FIGURE 5*10. This p a r t i c u la r  
c a lc u la tio n  was fo r  a h igh  p re ssu re  experim ent b u t th e  v a r ia t io n s  
in  gas tem peratu re , found to  be in s ig n i f ic a n t ,  a re  ta b u la te d  
in  th e  r ig h t-h an d  column. FIGURE 5*11 i s  th e  p lo t te d
'U 9.
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v e rs io n  o f th e  re s u lts*
At th e  o u ts e t  o f  t h i s  'work th e  main i n t e r e s t  was in  i t s  
a p p lic a tio n  to  magnetohydrodynamic g en e ra tio n , M.H.D., u s in g  
coal in  a  h igh  in te n s i ty  p re s su r is e d  com bustor. I t  was a lso  
hoped th a t  the r e s u l t s  could u s e fu lly  be e x tra p o la te d  back to  
conven tional combustion co n d itio n s  a t  atm ospheric p re s su re . 
Endeavouring to  do such an e x tra p o la t io n  w ith  P rin ce  of Males 
c o a l, we f in d  from eq u ation  (5*3) t h a t ,  f o r  17 micron p a r t i c l e s  
in  a i r  a t  a tm ospheric p re s su re , no tem peratu re  e x is ts  which 
w il l  produce su rfa ce  ig n i t io n .  However, such p a r t i c le s  
undoubtedly do ig n i te  in  say a drop tube fu rnace  under s im ila r  
co n d itio n s  o f convective h e a t t r a n s f e r  as i s  experienced  in  the  
shock tube. The conclusion  i s ,  th e re fo re ,  th a t  they  ig n i te  by 
v o la t i l e  ig n i t io n  u n a ss is te d  by su rfa c e  o x id a tio n . This i s  a 
consequence o f th e  ve ry  slow r a te  o f su rfa ce  re a c tio n  a t  low 
oxygen co n cen tra tio n s  p re v a il in g  in  a i r  a t  one atmosphere 
p re s su re . The p re se n t model i s ,  th e re fo re , o f le s s  use in  
c a lc u la t in g  ig n i t io n  c r i t e r i a  and p a r t i c l e  tem peratu re  h i s to r i e s  
in  atm ospheric a i r  system s.
To summarise th e  c o n d itio n s  l ik e ly  to  promote su rface  
ig n i t io n  we re q u ire
a) oxygen co n cen tra tio n s  in  the  su rround ing  gas h igh  enough to
support su rface  re a c tio n s  a t  low tem p era tu res . G enera lly ,
-3  -3g re a te r  than  1 .10  g.cm. o f oxygen w il l  meet th i s  req u irem en t 
and
b) h e a t t r a n s f e r  r a te s  to  be s u f f ic ie n t ly  h ig h  in  the i n i t i a l
s ta g e s  to  r a i s e  th e  p a r t i c l e  tem peratu re  up to  th e  su rfa c e
ig n i t io n  tem peratu re  w ithout ap p rec iab le  lo s s  o f  v o la t i l e
m a tte r . With convective h e a tin g , a B v a lu e  o f g re a te r  
3 -1than  3*10 s has been found adequate .
i w *
5 • 5• 3• PARTICLE BURNOUT AFTER VOLATILE IGNITION.
F in a l ly  th e  s tag e s  o f  combustion a f te r  v o la t i l e  ig n i t io n  
has s ta r te d  w i l l  be d e a l t  w ith b r i e f ly .  The remarks w i l l  be 
o f a  s e m i-q u a l ita t iv e  n a tu re  only  s in ce  p a r t i c l e  tem peratu re  
measurementsj as deduced from ra d ia t io n  in t e n s i t i e s ,  a re  open 
to  q u estio n  in  th e  p resence o f what i s  l i k e ly  to be a h o t 
luminous hydrocarbon flam e. The tem peratu res so deduced 
a re  more l ik e ly  to  be re p re s e n ta t iv e  o f the so o t p a r t ic le s  
p re se n t in  th e  flame and hence o f the  gas r a th e r  than th e  
p a re n t coal p a r t i c l e s .  Measurements have been made o f th e  
maximum ra d ia t io n  i n t e n s i t i e s  achieved w ith p a r t i c l e s  burn ing  
in  oxygen b u t w ith a i r  no maximum i s  reached in  th e  runn ing  tim e 
o f th e  tube and th e  am ission le v e l  i s  s t i l l  r i s i n g  a t  the 
a r r iv a l  tim e o f  th e  r a r e f a c t io n  wave. The r e s u l t s  a re  l i s t e d  
in  FIGURE 3 • 22. along w ith  tem peratu res c a lc u la te d  from 
em ission in t e n s i t i e s .  I t  can be seen th a t  f o r  n in e teen  
experim ents u s in g  seven coal types and vario u s  s iz e s  from 14 to  
87 m icron the  maximum gas tem perature  l i e s  between 2600 and 
3000°K. From a lim ite d  number o f  h e a t  t r a n s f e r  re co rd in g s , a 
maximum tem peratu re  o f about 240CPK was e s tim ated  b u t such 
measurements showed a good deal o f s c a t t e r  and were considered  
le s s  a cc u ra te . To ach ieve  such tem pera tu res, th e  degree of 
burnout re q u ire d  can be estim ated  in  two ways. E i th e r  th e  
v o la t i l e  m a tte r only i s  b u rn t or both  v o la t i l e  and coal a re  
b u rn t s im u ltan eo u sly . Using a c a l o r i f i c  value o f 8^0 k J. 
mole ^ fo r  methane as -typical of th e  v o la t i l e  m a tte r h e a t of 
combustion and ta k in g  a h igh  v o la t i l e  c o a l, say 35$ v o la t i l e  
m a tte r , we f in d  th a t  complete combustion o f  a l l  th e  v o la t i l e s  
w il l  only r a is e  th e  gas tem peratu re  by 750°K. With an
(
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i n i t i a l  gas tem peratu re  o f 1200^K i t  i s  n o t p o s s ib le  to  
exceed about 200CPK. In  f a c t  fo r  the more a n th r a c i t io  co a ls
such as Mardy, 1 Ofo v o la t i le  m a tte r , th e  tem peratu re  r i s e  -would
only be 20CPK. A lso no c o r r e la t io n  i s  ev iden t between v o la t i l e
co n ten t o f th e  coal and f i n a l  tem p era tu re . We, th e re fo re ,
conclude th a t  th e  e n t i r e  coa.-. p a r t i c l e  burns sim ultaneously
w ith  the v o l a t i l e  m a tte r  and c a lc u la t io n  shows t h a t  com plete
burnout o f  th e  e n t i r e  coal p a r t i c l e  i s  re q u ire d  to  ach ieve the
measured maximum tem p era tu res .
On the  b a s is  t h a t  maximum tem peratu re  i s  reached on
com plete bu rn o u t, i t  i s  p o ss ib le  to  measure burnout tim es fo r
th e  v a rio u s  s iz e s  o f p a r t i c l e s  used . The burnout tim es have been
taken  as the d if fe re n c e  in  tim e between the  a tta in m en t o f v o l a t i l e
ig n i t io n  and maximum tem p eratu re . C a lcu la tio n  shows th a t
p robab ly  l e s s  than  5$ burnout tak es  p lace  b e fo re  v o la t i l e  ig n i t io n .
In  FIGURE 5*21 th e  burnout tim es f o r  v a rio u s  coals  a re  p lo t te d
as a fu n c tio n  o f coal s iz e .  A co n sid e rab le  amount of work has
p rev io u s ly  been c a r r ie d  out on th e  bu rn in g  tim es o f c o a l, ch ar
REF81.
and carbon p a r t i c l e s .  F ie ld , G i l l ,  Morgan and Hawksley have
s in ce  summarised th e  r e s u l t s  o f some o f th e  most re c e n t 
REFSS2,83,84o
works and c a lc u la te  t h a t  burnout tim es in  a l l  cases a re  w ell
exp lained  on the b a s is  o f d if fu s io n  c o n tro lle d  re a c tio n  k in e t ic s .
The au th o r concludes th a t  th e  p re sen t r e s u l t s  on burnout l i e  in
th e  d if fu s io n  c o n tro lle d  regime s in ce  p a r t i c l e  type has l i t t l e  .
in flu en c e  on th e  burnout tim e. T herefo re , the r e s u l t s  a re
compared in  FIGURE 5*21 w ith th e o r e t ic a l  burnout tim es c a lc u la te d
on th e  b a s is  o f d if fu s io n  c o n tro l .  The burnout equation  used i s
REF81.
th a t  quoted by F ie ld  e t  a l i a  f o r  a s p h e r ic a l  p a r t i c l e  burn ing  
w ith  reducing  ra d iu s  and i s : -
±  =. s~' 
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27A ” 1160 130 mv 2950
28 A 25 urn PRINCE 
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29A 70 i^m 1180 70 mv 2750
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32 A 17 jjm RAWDON 1150 100 mv 2800
33A 25 jjm BRITANNIA 1140 11 0 mv 2850
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where ^  = 1*3 -  p a r t i c l e  d e n s ity , Mg.m.
R  = 8*2 = gas co n stan t, N.m.mole. ^ deg.
T ttv  = 2600°K =5 mean boundary la y e r  tem p era tu re .
DCc  = i n i t i a l  p a r t i c l e  d iam eter, m.
dj) = 2 = mechanism f a c to r  f o r  C >  CO a t  su rfa c e .
D = 52 = d if fu s io n  c o e f f ic ie n t  a t  1°5 MN/m2 and
260CPK, mm.2s.~l
- |^ x = 1*5 = p a r t i a l  p re ssu re  o f oxygen, MM/m2.
Experim ental and p re d ic te d  r e s u l t s  agree  s a t i s f a c t o r i l y ,  so 
i t  i s  concluded th a t  under th e  p re sen t experim ental co n d itio n s , th e  
v a rio u s  s iz e s  o f p u lv e rised  fu e l  burnout under d if fu s io n  
c o n tro lle d  k in e t ic s  a f t e r  v o la t i l e  ig n i t io n .
5 .6 . SUMMARY.
From pho tograph ic , h e a t t r a n s f e r ,  r a d ia t io n  and p re ssu re  
measurements on p u lv e ris e d  fu e l  p a r t i c le s  suspended in  v a rio u s  
shock heated  gases co n ta in in g  oxygen, i t  was deduced th a t  
combustion took p lace  in  two d i s t i n c t  s ta g e s . In  the  f i r s t  
s ta g e , th e  p a r t ic le s  h ea t by a com bination o f convective  h e a t 
t r a n s f e r  and su rfa ce  o x id a tio n  to  tem pera tu res  around 1800°K, 
w ell in  excess o f  gas tem peratu re  du ring  th e  course o f which 
th e  degree o f carbon burnout i s  sm all, l e s s  than  3%, A  
m athem atical tre a tm e n t, based on therm al exp losion  th eo ry , 
adequate ly  d e sc rib ed  th e  experim ental r e s u l t s  on ig n i t io n  
c r i t e r i a  and p a r t i c l e  tem peratu re  h i s to r i e s  and i t  was concluded
th a t  th e  r a t e  o f su rfa c e  o x id a tio n  was "chem ically  c o n tro lle d ” , 
f i r s t  o rd e r w ith  re s p e c t to  oxygen co n cen tra tio n  and had a low 
a c t iv a t io n  energy o f 57 k J . mole Also p a r t i c l e  h e a tin g
ra te s  were found to  he dependent on p a r t ic le  s iz e  and ty p e .
The second s tag e  o f  combustion i s  i n i t i a t e d  by v o la t i l e  
ig n i t io n  when th e  p a r t i c l e  su rface  tem peratu re  has r is e n  to  
around 1800°K. A ra p id  r i s e  in  system  tem peratu re  to  around 
2800°K th en  ta k es  p lace  and th e  e n t i r e  com bustible m a tte r 
burns ou t under " d if fu s io n a l  c o n tro l” in  a few m illise c o n d s , 
th e  burnout tim e being  a fu n c tio n  o f p a r t i c l e  s iz e  b u t n o t ty p e , 
oxygen p a r t i a l  p re ssu re  and to t a l  p re s su re .
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